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Labeo spp. are large freshwater fish found throughout southern Asia, the Middle East and 
Africa. The genus is characterised by specialised structures around the mouth and lips making 
it adapted to herbivorous feeding (algae and detritus). Clanwilliam sandfish (Labeo seeberi) 
was once widespread throughout its natural habitat (Olifants-Doring River system), but 
significant decreases in population size have seen them become absent in the Olifants River 
and retreat to the headwaters in the tributaries of the Doring River. Currently sandfish are 
confined to three populations namely the Oorlogskloof Nature Reserve (OKNR), Rietkuil (Riet) 
and Bos, with OKNR being the largest of the three and deemed the species sanctuary. Sandfish 
play an important role cycling nutrients and maintaining algae levels in aquatic ecosystems 
and is therefore an important species for conservation in the Cape Floristic Region (CFR) as it 
maintains river health. This thesis contributes toward the establishment of an effective 
Biodiversity Management Plan (BMP-S) for Clanwilliam sandfish. Phylogenetic analysis of 
Labeo spp. using two mitochondrial DNA regions (mtDNA), Cytochrome oxidase subunit 1 
(CO1) and Cytochrome b (Cytb), showed that Labeo seeberi was most closely related to L. 
vulgaris (also known as Labeo niloticus). Phylogenetic analysis also recovered the Labeo 
niloticus group (LNG), Labeo forskalii group (LFG) and Labeo coubie group (LCG) as proposed 
by Reid 1985 and Ramoejane et al. 2016. Extrapolating from Ramoejane et al. 2016, L. seeberi 
is part of the Labeo umbratus group (LUG) and therefore its closest relative is Labeo capensis 
(geographically its closest relative as well). Using L. capensis as reference, it is postulated that 
L. seeberi reaches sexual maturity at ± 4 years of age (250mm TL) and grows at 40-60mm per
year up to six years where after the growth rate decreases steadily. Population genetic studies 
using microsatellite markers and mtDNA (D-Loop) revealed no genetic differentiation 
between the three populations (OKNR, Bos and Riet) and no sign of significant inbreeding (FIS) 
or relatedness (r) indicating gene flow maintaining genetic diversity. Effective population size 
(Ne) of OKNR was as expected much higher than Riet and Bos. Genetic evidence thus 
corroborates the assumption that the OKNR is the main breeding population that then 
migrate to Riet and Bos maintaining gene flow and genetic diversity. Thus, the collective of 
OKNR, Riet and Bos must be handled as a single Evolutionary Significant Unit (ESU), with OKNR 





Labeo spp. is groot varswatervisse wat in suider Asia, die Midde-Ooste en Afrika voorkom. Die 
genus word gekenmerk deur die gespesialiseerde mond en lip strukture wat spesifiek 
aangepas is tot ŉ herbivoriese dieet (alge en detritus). In die verlede was Clanwilliam sandvis 
(Labeo seeberi) wyd verspreid oor sy natuurlike habitat (Olifants-Doring Rivierstelsel), maar ŉ 
noemenswaardige afname in populasiegrootte het daartoe gelei dat sandvis tans afwesig is 
in die Olifantsrivier en slegs klein populasies in die sytakke van die Doring Rivier voortbestaan. 
Tans word sandvis tot drie populasies beperk, naamlik die Oorlogskloof Natuurreservaat 
populasie (OKNR), die Rietkuil (Riet) populasie en die Bos populasie. Die OKNR populasie is 
heelwat groter as die ander twee en word beskou as ŉ bewarea vir die spesie. Sandvis speel 
ŉ belangrike rol in varswater ekosisteme, deur alge-vlakke en die sirkulering van 
voedingstowwe te handhaaf. Daarom is dit belangrik om sandvis te bewaar siende dat dit die 
riviere van die Kaapse Blomme Streek (KBS) se gesondheid handhaaf. Hierdie tesis poog om 
by te dra tot die vestiging van ŉ effektiewe Biodiversiteitsbetuursplan (BMP-S) vir die 
Clanwilliam sandvis. Met die gebruik van twee mitochondriale DNA-streke (mtDNA), 
Cytochrome oxidase subunit 1 (CO1) en Cytochrome b (Cytb), wys die filogenetiese analise 
dat sandvis naaste verwant is aan Labeo vulgaris (ook bekend as Labeo niloticus of Nile carp). 
Die filogenetiese analise identifiseer ook die Labeo niloticus groep (LNG), Labeo forskalii groep 
(LFG) en die Labeo coubie groep (LCG) soos voorgestel deur Reid 1985 en Ramoejane et al. 
2016. Aflei vanuit hierdie groepe, voorgestel deur Ramoejane, 2016, plaas dit die sandvis in 
die Labeo Umbratus groep (LUG) en is Labeo capensis, dus die mees naverwante spesie 
(sandvis en L. capensis is ook geografies naaste aan mekaar). Deur L. capenis te gebruik as 
verwysing kan daar gepostuleer word dat L. seeberi seksuele volwassenheid bereik teen ±4 
jaar oud (250mm TL) en dat dit teen ŉ tempo van 40-60mm per jaar groei vir die eerste ses 
jaar, waarna dit stelselmatig verminder. Populasie-genetiese studies, met die gebruik van 
beide mikrosatelliet-merkers en mtDNA (D-loop), identifiseer dat daar geen 
noemenswaardige genetiese differensiasie tussen die drie populasies (OKNR, Riet en Bos) is 
nie, asook geen noemenswaardige inteling (FIS) of verwantskap (r) nie. Dit dui daarop dat daar 
geenvloei tussen die populasies is en sodoende die genetiese diversiteit handhaaf. Die 
effektiewe populasie grootte (Ne) was na verwagting heelwat groter vir die OKNR as vir Riet 
en Bos populasies. Genetiese bewyse steun dus die aanname dat die OKNR die hoof 
broeipopulasie is en dat individue dan migreer na Riet en Bos, wat sodoende geenvloei en 
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genetiese diversiteit onderhou. Die OKNR-, Riet- en Bos-populasies moet dus as een enkele 
Evolusionêre betekenisvolle eenheid (EBE) beskou word met twee afsonderlike 
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Freshwater fishes are some of the most threatened organisms on the planet (Carizzo et al., 
2013), largely due to habitat degradation, water flow modification and the introduction of 
alien fish species (Dudgeon et al., 2006; Gene, 2007; Leprieur et al., 2009). These factors have 
led to the decline of global freshwater fish biodiversity (Leidy and Moyle, 1998; Pauly and 
Zeller, 2016).  
An assessment of threats to the southern African aquatic ecosystems found South Africa to 
be no exception to this trend, with invasive species, water abstraction and water flow 
modification listed as the major causes (Darwall et al., 2009). Of the 355 southern African 
freshwater fish species that were assessed, 12 species were critically endangered, 19 were 
endangered, 9 were vulnerable, 9 were near threatened, 235 were of least concern and 71 
were data deficient. Of the 12 species that were ranked as critically endangered, one was 
Labeo seeberi (Darwall et al., 2009; Ramoejane, 2016). The L. seeberi evaluation was based 
on severe declines in population sizes resulting from predation by non-native fishes (such as 
small mouth bass, spotted bass and bluegill sunfish), as well as habitat degradation (Lubbe et 
al., 2015). The conservation of the other 11 southern African Labeo species were evaluated 
as being of least concern, but were still facing the same threats as L. seeberi (Darwall et al., 
2008). This is in large part due to their greater distribution range, greater numbers, fewer 
instream barriers and less drastic water level fluctuations between seasons (Darwall et al., 
2008). Labeo spp. are large herbivorous fish that are important organismal components of 
aquatic ecosystems and are a high conservation priority in South Africa (Ramoejane, 2016). 
 
1.2 Cape Floristic Region: 
 
Located at the south-western tip of South Africa, the Cape Floristic Region (CFR) stretches 
from the Cederberg in the north-west, around the Western Cape coast and into the Eastern 




World famous for its dramatic and varied land- and seascapes and its astonishing diversity of 
plant and animal life, it is globally recognised as a biodiversity hotspot. This is highlighted by 
the regions freshwater fish variety, serving as host to 24 indigenous species, 17 of which are 
endemic to the region (Skelton, 2001; Linder et al., 2010; Chakona and Swartz, 2013; De Moor 
and Day, 2013; Weyl et al., 2014). The CFR’s biodiversity stems from the complex geological 
and climatic history of this region, such as extensive uplifting and mountain building, major 
sea level changes (regressions and transgressions) and periods of either wet or dry conditions 
resulting in a very diverse landscape and freshwater fish endemism due to the geographic 
isolation in individual river systems (Skelton, 1994; Swartz et al., 2008; Linder et al., 2010; 
Skelton and Swartz, 2011; Chackona et al., 2013; De Moor and Day, 2013).  
 
Figure 1.1: The Cape Floristic Region and The Succulent Karoo with regards to their geographical location within southern 
Africa. (taken from Brownlie et al., 2005) 
Nearly all of the 24 described indigenous fish species to the CFR, are on the International 
Union for Conservation of Nature (IUCN) Red List; with three species being classified as 
vulnerable, 10 species as endangered and four species as critically endangered (IUCN 2013). 
The threats involved in the decline of these endemic freshwater fish species include habitat 




predation by and competition with alien invasive fish (Tweddle et al., 2009; Chackona and 
Swartz, 2012). Currently, 16 alien invasive freshwater fish species have established self-
sustaining populations in the rivers of the CFR (Marr, 2012), of which a number of species can 
be linked to the decline in native fish populations (De Moor and Bruton, 1988; Tweddle et al., 
2009). The pressures of alien invasive predatory fish, combined with the stresses of habitat 
degradation, has resulted in the absence of many native fish species in the lower reaches of 
tributaries and main stream rivers in the CFR (Tweddle et al., 2009; De Moor and Day, 2013; 
Weyl et al., 2013). This means that native fish populations have become even more highly 
fragmented, with many species now largely confined to the headwater reaches of streams 
(Swartz et al., 2004; Tweddle et al., 2009; Chackona and Swartz, 2012). Conservation and 
management of this region in order to maintain the diversity and well-being of species is thus 
of increasing importance (Paxton et al., 2012).  
 
1.3 Labeo seeberi: 
 
1.3.1 Biology, Habitat and Ecology: 
 
Labeo seeberi (Figure 1.2) or more commonly known as the Clanwilliam sandfish is one of the 
larger Labeo species, with rare individuals having weighed more than 2kg and measured as 
much as 650mm in length. These recordings are, however of the extremes, whereas the 
modal length for these fish in the mainstream Doring River is approximately 500mm (Gaigher, 
1973; Paxton et al., 2002; Paxton et al., 2012). Individuals from tributary populations are 
however growth limited as a result of food and space, rarely exceeding 250mm in maximum 
length. Thus making them susceptible to falling within the prey size range for predatory 
invasive fish (Paxton et al., 2002; Paxton et al., 2012). Labeo seeberi is easily identifiable by 
its olive-grey skin colour, small eyes, minute scales, spindle shaped body and its most 
discernible feature, its well-developed papillose lips. It is also these traits that make 
Clanwilliam sandfish adapted to its benthic feeding, scraping algae, diatoms and detritus from 
the rocky, river bottom using its sucker-like mouth (van Rensburg, 1966; Skelton, 1987; 





Figure.1.2: Picture of an adult Labeo seeberi specimen taken during the 2013 sampling event. (Photo curtesy of Dr. M. 
Jordaan, SAIAB) 
 
Clanwilliam sandfish are reported to be rheophilic, meaning that individuals seek pools or 
deep runs of larger rivers for feeding, overwintering and oversummering, whilst during 
spawning are required to travel upstream to the fast-flowing headwaters of the tributaries 
(Paxton, 2002). This mass upstream migration, paired with spawning takes place during spring 
(September – November) (Harrison, 1977; Paxton et al., 2012). Sexual maturity is reached 
once the individual reaches ±250mm in length, with older larger captive females yielding 
±80 000 eggs (Jubb, 1967; Gaigher, 1973; Impson, 1997; Paxton et al., 2012) 
There is strong evidence (although inferred from close relatives) that spawning is closely 
linked to rainfall and the subsequent increase in flow rate of the headwaters, bringing with it 
rich nutrients (Lubbe et al., 2015). Therefore, poor rainfall or the blocking of water-flow can 
lead to poor nutrient concentrations in the water downstream. Females respond to the 
substandard nutrient concentration and retain their eggs until, conditions are optimal or 
reabsorb gonads altogether if conditions do not improve (Paxton et al., 2012). This can result 
in certain years having very low recruitment success, as females refrain from spawning for 







Clanwilliam sandfish are geographically confined to the Olifants-Doring River system (Figure 
1.3) in the Northern- and Western Cape provinces of South Africa (Skelton, 2001). The species 
was once widespread throughout the Olifants-Doring River system as highlighted by Harrison 
(1963) who in 1938 observed large aggregations of juvenile sandfish near Keerom in the upper 
reaches of the Olifants River. He also reports on having witnessed thousands of sandfish 
amassed below/downstream of dam walls of the Bulshoek and Clanwilliam Dams (in the 
middle reaches of the Olifants River), during the annual September spring spawning run (van 
Rensburg, 1966; Harrison, 1977). Clanwilliam sandfish had last been recorded in these middle 
reaches (Bulshoek and Clanwilliam dam) of the Olifants River in 1958 (Paxton et al., 2012; 
SAIAB Database). Further evidence suggest that they have been extirpated from the Olifants 
River as a whole, as no specimens have been recorded since 1987 (Lubbe et al., 2015). 
Currently, the sandfish population are confined to the middle and northern reaches of the 
Doring River and its isolated tributaries namely; Oorlogskloof-Koebee, Gif, Kransgat, Biedouw, 
Tra-Tra and Matjies Rivers where sandfish have been recorded in the last five years (Paxton 





Figure 1.3: A) Map showing the historical distribution of Labeo seeberi in the Olifants Doring River system. The red area 
indicates the extirpation of L. seeberi in this region, whilst the yellow area signals the low frequencies of sandfish with no 
recruitment. The orange area indicates the current distribution of sandfish. B) Represents the rivers of the Olifants Doring 






Most notable of these tributaries is the Koebee River, called the Oorlogskloof in its upper 
reaches. The Koebee River is integral in linking the upstream migration of Clanwilliam 
yellowfish (Labeobarbus capensis), sawfin (Barbus serra) and Clanwilliam sandfish (Labeo 
seeberi) from the Doring River to the Oorlogskloof gorge (Impson, 1997; Abrahams and 
Pretorius, 2000; Ramollo et al., 2012). The Oorlogskloof River serves as haven for endemic 
and endangered fish species of the CFR, acting as a safe and successful spawning and nursing 
site for these fish (Impson, 1995; Ramollo et al., 2012). This is in part due to the relative 
inaccessibility of the Oorlogskloof River as it flows through the steep slopes of the 
Oorlogskloof gorge just south of Nieuwoudtville, a stretch of only 18.66 km of non-perennial 
river preventing much of the habitat destruction as seen throughout the rest of the tributaries 
of the Olifants-Doring River system. The Oorlogskloof Nature Reserve (OKNR) provides habitat 
for the only known viably recruiting subpopulation of the species, as it is the only habitat 
which is both free of predatory alien species and provides suitable habitat for spawning and 
successful recruitment of juvenile fish (Lubbe et al., 2015). Alien predators are restricted to 
the lower reaches of the Oorlogskloof-Koebee River by means of a natural barrier of huge 
boulders (that result in a waterfall), just south of the Oorlogskloof Nature Reserve (OKNR) 
(Abrahams and Pretorius, 2000; Ramollo et al., 2012). 
Due to very low numbers of adult sandfish and high predation by alien fish species, 
recruitment contributions from the remainder of the catchment are not expected to be 
significant (Lubbe et al., 2015). The Oorlogskloof Nature Reserve (OKNR) is the only pristine 




Clanwilliam sandfish are listed as critically endangered due to its small geographical 
distribution and declining numbers (Impson and Swartz, 2007; Paxton et al., 2012; Lubbe et 
al., 2015). A survey carried out in 2001, followed by more extensive surveys in 2003, 2011 and 
2013 sampled the main stream Doring River. Although adult fish were present in the main 
stream Doring River, they are rare and heterogeneously distributed. This heterogeneous 




environmental factors such as food availability and flow, influencing their eventual habitat 
selection. The rarity of these mainstream fish can be assigned to the fact that there is little to 
no successful recruitment of juvenile fish. This is as result of the main stream being dominated 
by predatory alien invasive fish such as smallmouth bass, Micropterus dolomieu, spotted bass, 
M. punctulatus and bluegill sunfish, Lepomis macrochirus. These invasive fish prey on the 
juveniles as discussed in section 2.1.4 Threats (Paxton et al., 2012; Lubbe et al., 2015). This 
lack in recruitment of juveniles is further corroborated by empirical data from the 2003, 2011 
and 2013 surveys indicating that there was a more than 50% decrease in the number of sites 
at which sandfish were caught in 2011 and 2013 as compared to 2003 (Lubbe et al., 2015) 
This further emphasises the trend of population decline of sandfish. The size class data 
collected during the 2013 Doring River main stream survey suggests that the current sandfish 
population that is persisting, does so because it is predominantly comprised of old, large fish 
that are beyond the prey size class of predatory alien invasive species. No indigenous fish 
species smaller than 400 mm (i.e. no juveniles or sub adults) were recorded indicating that 
there is no or minimal recruitment taking place. This suggests that the sandfish population is 
likely decreasing and becoming more fragmented in the Doring River main stream. Surveys in 
2012, 2013 and 2014 were conducted in a number of tributaries of the middle and northern 
reaches of the Doring River namely; Biedouw, Tra-Tra, Matjies, Kransgat, Oorlogskloof-
Koebee and Gif rivers, following reports of sandfish presence (Lubbe et al., 2015). These 
tributaries all harbour populations that are confined to very limited stretches of river, with 
natural barriers such as boulders and waterfalls safeguarding these sandfish populations from 
alien invasive species (Lubbe et al., 2015). With the exception of Oorlogskloof, these small 
isolated populations consist of very few adult fish (n<10), and are essentially boxed in by 
predatory invasive alien species whom prey on the young. It is thus very unlikely that any of 
these small isolated populations make any meaningful contribution to the overall population 
size. The exception may be the Biedouw River, which in 2011 reported a successful spawning, 
the first recording outside of the OKNR in a number of generations. Adult sandfish are, 
however, common in the 18.66 km stretch of the Oorlogskloof River as stated in section 1.2.2 
Distribution. The southern edge of this stretch is demarcated by a waterfall, acting as invasion 
barrier to alien invasive species, whilst the rest of the stretch is located in a ravine with steep 
rocky slopes making it inaccessible for livestock and agriculture. Although a fair number of 




successfully as result of the alien invasive predators present (Paxton et al., 2012; Lubbe et al., 
2015).  
The OKNR thus likely serves as the last annually recruiting sandfish subpopulation, therefore 
making it the last suitable spawning habitat for the species. The lack of suitable spawning 
habitat, recruitment, mortality, low densities, ageing population and heterogeneous 
distribution of sandfish outside of the OKNR, make the species extremely vulnerable to 
extinction. As there is less recruitment of juveniles and older fish are lost from the system and 
not replaced, population size will decrease. The Oorlogskloof Nature Reserve is thus critical 
in terms of the survival of the highly threatened species, emphasising the importance for the 




The major threats faced by sandfish in the Olifants-Doring River system are similar to the 
threats faced by all endemic fish of this region and has been recognised and well documented 
over a fair time-span (Gaigher, 1973; Scott, 1982; Impson, 1997; Impson et al., 2000; Paxton 
et al., 2002; Woodford et al., 2005; Nel et al., 2006; Impson and Swartz, 2007; Lubbe et al., 
2015). Like with all the other endemics in the Olifants-Doring River system, the main threat 
to the survival of sandfish populations is predation and competition for resources by alien 
invasive fish species (Impson et al., 2000; Paxton et al., 2002; Woodford et al., 2005). The 
most notable of these predating alien fish species are smallmouth bass, Micropterus 
dolomieu, largemouth bass, Micropterus salmoides and bluegill sunfish, Lepomis macrochirus. 
These species were introduced to the Olifants-Doring River system by the former Department 
of Inland Fisheries during the earlier half of the 20th century to serve as sport fish for anglers 
(Roth, 1952; Harrison, 1977; De Moor and Bruton, 1988; Paxton et al., 2002). Although these 
three species present a major predatory threat to sandfish and have all but replaced the 
endemic fish where they occur, a different threat comes from banded tilapia Tilapia 
sparrmanii in the form of competition for food. This is especially of concern, as highlighted in 
section 1.3.3 Population, banded tilapia invaded the Oorlogskloof River, above the waterfall, 
thus in the OKNR. This puts them in direct competition with the sandfish population in the 




population in this region is stable, there is no assurance that it will remain this way (Paxton et 
al., 2012; Lubbe et al., 2015).  
An additional and potentially greater threat is the recent confirmed reports that Sharptooth 
Catfish (Clarias gariepinus) are present in the Olifants-Doring system. This species has been 
introduced, illegally in most cases, into all four primary river systems of the Western Cape 
(Paxton et al., 2012; Lubbe et al., 2015). This species may pose a bigger threat than big- and 
smallmouth bass and bluegill sunfish due to their ability to survive and adapt to a range of 
environmental conditions, their ability to survive desiccation, their omnivorous feeding 
habits, high fecundity, fast growth rate, dispersal ability, predatory habits and large size 
(Paxton et al., 2012). 
Other threats include water quantity and instream barriers. Water resources in both the 
Olifants and Doring Rivers are heavily exploited. Water exploitation is especially severe in the 
Olifants River, where water abstraction (primarily for irrigation) and flow regulation by dams 
and weirs have greatly altered the flow of the river. This is compounded by increased water 
abstraction during the hot summer and unusually low levels of rainfall during the winter 
(Paxton et al., 2012; Lubbe et al., 2015). This has resulted in the Olifants River being reduced 
to standing pools during the dry season, with the no-flow period having increased from 5% 
historically to 45% currently (Birkhead et al., 2005). These conditions give invasive fish species 
an competitive advantage and have duly replaced the indigenous fish in these reaches (Paxton 
et al., 2002). While water exploitation along the Doring River is not as intensive as in the 
Olifants River, it is projected that abstraction in the region will increase and have a major 
effect on the mean water level (DWAF, 2005). In addition, a number of large-scale dam 
options on the Doring River have been proposed (Aspoort, Melkbosrug and Melkboom) to 
meet the demand for increased agriculture in the region (DWAF, 2005; PGWC, 2007).  
The free movement of fish in a river system are important for the dispersal of young and 
moving to and from feeding, breeding and overwintering areas. Evidence from the early 
twentieth century indicate that annual spawning migrations were interrupted by the 
Bullshoek Weir, reporting large quantities of indigenous fish downstream of the barrier 
(Harrison, 1977). The endemic species have all but disappeared from the middle and lower 
reaches of the Olifants River where large-scale water resource infrastructure and water 




the Doring River is still mainly free flowing. A large privately owned dam on the mainstem 
near Brakfontein and Department of Water Affairs (DWA) gauging weir at Aspoort are 
however considered substantial obstacles to fish movement during critical times of the year 
(Paxton et al., 2012). The natural flow regime of a river thus heavily impacts fish recruitment 
(Cambray et al., 1997; Poff et al., 1997; King et al., 1998; Humphries et al., 1999; Koehn and 
Harrington, 2006). Although this process is not well understood in the case of the Clanwilliam 
sandfish, there is substantive evidence, both anecdotal and from the ecology of closely 
related species (Paxton et al., 2012), to support the contention that the species is a 
synchronous rheophilic spawner requiring optimal flow and temperature conditions for 
successful reproduction. Natural hydrological variability, together with water regulation and 
abstraction is therefore likely to play a major role in year-class strength (Paxton et al., 2012; 
Lubbe et al., 2015). 
 
1.4 Conservation actions - Biodiversity Management Plan for Species (BMP-S): 
 
1.4.1 The need for a BMP-S: 
 
As stated above, the sandfish population is becoming increasingly diminished and severely 
fragmented. Small adult populations are restricted to the headwaters of small tributaries. 
Here they are protected against alien predatory fish by means of natural barriers. It is also 
evident that recruitment of juvenile fish, outside of the OKNR, has seized and that these 
populations that do subsist in the main stem rivers represent an ageing population and are 
becoming more heterogeneously distributed and scarce (Paxton et al., 2012; Lubbe et al., 
2015). The outcome of this is that the true Area of Occupancy (AOO) for the Clanwilliam 
sandfish is confined to a 19 km stretch of river in the Oorlogskloof Nature Reserve with 
effective area of 0.19 km2 (Lubbe et al., 2015). The Oorlogskloof Nature Reserve sandfish 
subpopulation is critical in terms of the survival of this highly threatened species, as it is the 
only viably recruiting subpopulation remaining. This makes the species as a whole extremely 




Currently conservation initiatives only protect and manage populations of the two larger 
Cyprinids in the catchment (the Clanwilliam yellowfish and sawfin). The conservation 
initiatives for Clanwilliam yellowfish and Clanwilliam sawfin are however not transferable to 
Clanwilliam sandfish and will not secure populations of Clanwilliam sandfish. Clanwilliam thus 
does not have a conservation plan able to secure the safety of future populations, despite 
being ranked as one of the most threatened species and considered a high conservation 
priority by CapeNature (Impson and Swartz, 2007). 
A survey in 2010 by CapeNature and the Northern Cape Department of Environment and 
Nature Conservation (DENC) confirmed the introduction banded tilapia, Tilapia sparrmanii  
into the municipal dam in Nieuwoudtville and have subsequently invaded Clanwilliam 
sandfish breeding habitat in the Oorlogskloof River. It is of great concern that were bass or 
bluegill sunfish introduced in a similar manner it will render this most crucial reproductive 
habitat unfit for Clanwilliam sandfish (Paxton et al., 2012; Lubbe et al., 2015).  
No conservation measures have been directed specifically towards conserving the Clanwilliam 
sandfish in the past. However, the only known viable breeding population occurs in the OKNR 
where surveys have been conducted by the reserve staff since 2000 (Paxton et al., 2012). A 
coordinated set of actions is required that targets landowners, governing authorities including 
DWA, Water User Associations (WUAs), organised agriculture and angling bodies to promote 
sustainable land and water use practices in the catchment and to control the spread of 
invasive aquatic species. An active annual monitoring programme of the river has been 
initiated in 2010. In order to formalise conservation actions for this species in the rest of its 
distribution range, a Biodiversity Management Plan for Sandfish was drafted in 2012, which 
identified a list of potential conservations actions, along with potential implementing agents 




1.4.2 Goals of the BMP-S: 
 
In order to ensure the future survival of the species in the wild, further study needs to be 
done regarding the biology and ecology of L. seeberi in order to quantify the impact of habitat 
loss, fragmentation and predation by alien fishes on its survival. Establishment and 
maintenance of refuge populations in alien-free areas. Establishing a conservancy on the 
Oorlogskloof River, linking private land and the Oorlogskloof Nature Reserve. To achieve this, 
the following conservation efforts were recommended by Paxton et al., 2012: 
(i) Elevating its status as a flagship species of the Doring River – one of the last major free-
flowing rivers in the country: 
(ii) Consolidate extant populations by reducing the risks of further invasions by alien fish 
species, especially in the Oorlogskloof-Koebee Management Unit; 
(iii) Reducing the risks posed by increasing water demand and unsustainable land 
management practices in all catchments that fall within its distribution range; 
(iv) Increasing knowledge of its biology and ecology and applying this knowledge to 
adaptive management strategies. 
 
1.4.3 Benefits of the BMP-S: 
 
The Clanwilliam Biodiversity Management Plan will set forth guidelines for the effective 
management of Labeo seeberi, reducing the likelihood of future alien fish invasions to secure 
future generations of sandfish. The actions proposed in this document is then set to benefit 
endemic fish assemblages by broadening its objectives to other affected fish assemblages 
downstream (Paxton et al., 2012).  
 
1.4.4 Anticipated Outcomes: 
 
The BMP-S wishes to achieve a greater awareness among landowners of the threat that 




and water use practises. Also, to draft and implement an alien fish management plan to 
minimise further introductions to the Olifants-Doring River system, to reclaim priority 
habitats and to monitor and halter the distribution of these alien fish. Lastly, the increase of 
knowledge regarding sandfish biology and ecology for implementation in effective adaptive 
management strategies (Paxton et al., 2012). 
 
1.5 Conservation genetics: 
 
Freshwater fish are increasingly being threatened by habitat destruction, invasion of non-
native species and global climate change. This has resulted in the global decline of freshwater 
fish biodiversity (Leidy and Moyle, 1998; Pauly and Zeller, 2016).  One of the main challenges 
for successful conservation strategies is to identify species/populations that are able to adapt 
to these environmental changes and those species/populations that will require intervention 
(Martinez et al., 2018). The ability of a population to adapt is determined by the genetic 
makeup of the individuals within that population. Therefore, genetic considerations are used 
to design effective conservation programs that ensure the survival of the species and avoid 
artificial selection and inbreeding depression (Vrijenhoek, 1998). Genetic markers such as 
microsatellite loci and mitochondrial DNA (mtDNA) have successfully been used in a number 
of studies regarding the conservation genetics of freshwater fish (Vrijenhoek, 1998; Abdul-
Muneer, 2014; Scribner et al., 2016). Using these markers, researchers could identify genetic 
diversity within populations, genetic structure between populations and gene flow between 
populations. These genetic markers also help to resolve difficult taxonomic problems and 
delineation of possible sub-species (Vrijenhoek, 1998; Ramoejane, 2016). 
 
Genetic diversity is a metric that measures within population variability in alternate alleles 
(Hughes et al., 2008). The ability to genetically respond and adapt may be related to both 
heterozygosity and the number of alleles within the population (Allendorf, 1986; Frankham, 
Bradshaw and Brook, 2014). In contrast, decreased population viability and increased 
extinction likelihood, especially in populations residing under stressful environmental 




Vanderwoestijne, Schtickzelle and Baguette, 2008; Markert et al., 2010). Understanding how 
patterns of genetic diversity vary across populations could help inform predictions regarding 
which populations are likely to adapt in response to future disturbance while simultaneously 
identifying populations that might be susceptible to extinctions (Reed and Frankham, 2003; 
Stockwell, Hendry and Kinnison, 2003). 
Another metric used for determining the conservation status of a species/population is 
increases and decreases in census population size as used by the IUCN (IUCN, 2018). 
Reduction in census population size is often associated with a decrease in genetic diversity 
(Willoughby et al., 2015). This is especially true for threatened or endangered species as 
compared to non-threatened taxa (Spielman et al., 2004; Willoughby et al., 2015). A 
population's genetic adaptability to a changing environment is thus a function of the variance 
of genes (allelic diversity) in a population and the number of individuals in a population, the 
aforementioned are thus functions of effective population size (Ne) (Ellstrand and Elam, 1993; 
Hare et al., 2011). Small, isolated populations often have very low effective population sizes 
(Hare et al., 2011). Two genetic consequences of having small population size are pronounced 
effects of genetic drift and increased inbreeding (Thomaz, Christie and Knowles, 2016).  
 
Genetic drift and inbreeding lead to an increase in homozygosity. Therefore, generally small 
Ne leads to increased homozygosity (decreased genetic diversity) thereby ultimately reducing 
the adaptive potential of the population (Vrijenhoek, 1998). Another concern of increased 
homozygosity is the decrease of fitness of individuals within the population as result of 
inbreeding depression (Charlesworth and Willis, 2009). Inbreeding depression is caused by 
either increased homozygosity for partially recessive detrimental mutations, or increased 
homozygosity for alleles at loci with heterozygote advantage/ overdominance (Vrijenhoek, 
1998; Charlesworth and Willis, 2009). 
Population size (N) and more importantly effective population size (Ne) thus have a significant 
effect on allele frequencies and the rate at which they change across successive generations 
(Ellstrand and Elam, 1993). The larger a population, the more stable the allele frequencies are 
over time and by implication the more diversity can be maintained. Therefore, small, 
endangered populations are at an increased risk of extinction (Nei et al., 1975; Frankham, 





However, when populations are small, but not isolated, gene flow (in the absence of strong 
selection) works to counteract the increase in homozygosity caused by random genetic drift 
and inbreeding, thereby maintaining or regaining genetic diversity and adaptability (Wright, 
1931; Palstra and Ruzzante, 2008; Martinez et al., 2018). This is a result of gene flow bringing 
in new variation, restoring alleles that were lost due to of genetic drift. The restored 
heterozygosity can also lead to heterosis on the phenotypic level (counteracting inbreeding). 
Gene flow can thus resurrect populations undergoing inbreeding depression by outcrossing 
with other populations of the same species. Using populations that are genetically more 
similar are even more effective at restoring populations as they have similar ecology profiles, 
thereby increasing the chances of restoration. (Westemeier et al., 1998; Vila et al., 2003; 
Frankham, 2015). This emphasises the importance of understanding the population structure 
of Labeo seeberi. 
So the most likely scenario for the Labeo seeberi populations, which are known to be 
fragmented and small in number is as follows - Reduction in contemporary gene flow due to 
ongoing habitat fragmentation will likely increase the prevalence of genetic stochasticity, 
which in turn will negatively impact the overall genetic health and adaptability of the 
population (Palstra and Ruzzante, 2008; Ostergaard et al., 2003; Consaegra et al., 2005; Fraser 
et al., 2007; Schmeller and Merila, 2007; Watts et al., 2007). It is also known that genetic drift 
increases in effect, the smaller the population or Ne is. There is however a negative log-linear 
correlation between gene flow and population size indicating that migration or gene flow may 
indeed be higher into small populations, thereby counteracting the increased effect of genetic 
drift in maintaining genetic diversity and population viability (Ostergaard et al., 2003; 
Consaegra et al., 2005; Fraser et al., 2007; Schmeller and Merila, 2007; Watts et al., 2007; 
Palstra and Ruzzante, 2008). 
Practical examples of genetic markers used in fish conservation studies include the study of 
Ramoejane, 2016 in which he used three genetic markers namely cytochrome oxidase 1 (COI) 
(mitochondrial), cytochrome b (Cytb)(mitochondrial) and recombination activating gene 1 
(Rag1)(nuclear) to determine the evolutionary relationships of African Labeo spp. by clarifying 
the phylogeny of these species. The study also identified isolated lineages and further sub-




conjunction with the nuclear S7 ribosomal protein gene intron 1 (S7). The study concluded 
that Labeo umbratus should be managed as several separate evolutionary significant units 
(ESU) and management units (MU) and not as a singular panmictic population. Studies were 
also done on Indian/Bangladesh Labeo species namely Labeo calbasu and Labeo rohita. These 
studies made use of microsatellite loci to determine genetic diversity within populations and 
differentiation between populations. This was done in order to assess the genetic differences 
among wild populations and the effect of aquaculture on wild populations in order to 
effectively conserve these resources (Singh et al., 2012; Hasan et al., 2013; Sahoo et al., 2014). 
The last example study is of the Clanwilliam rock catfish, Austroglanis gilli, Austroglanis 
barnardi and Barbus erubescens, fish species that co-occur with Labeo seeberi. The 
researchers used mitochondrial genes to access genetic variation within and among 
populations. From this data, they then identified populations that were most valuable to 
conserve and made recommendations for priority actions for genetic management of these 
species (Swartz, 2013). 
It is thus important to gather as much information about the fish biology, distribution, genetic 
diversity and genetic structure between populations. This information will then aid 
conservation planners in the proper management of these fish and ensure their survivability 
for generations to come. The failure to produce a proper management plan may result in the 





1.6 Aims and Objectives of the study: 
 
This study aimed to genetically characterise Labeo seeberi in terms of historical context, and 
contemporary population dynamics and viability. To achieve this aim, the following objectives 
were set: 
• Identifying species relatedness of the genus Labeo, based on available data. Then 
using the ‘superficial genetic relationships’ to infer possible biological traits (Chapter 
2). 
• Assess ‘historical’ and contemporary population dynamics, and population genetic 
diversity within the Oorlogskloof Nature Reserve (OKNR), Rietkuil (Riet) and Bos 





Chapter 2: Species Relatedness within the Genus Labeo (Order: Cypriniformes, Family: 
Cyprinidae) using mitochondrial markers CO1 and Cytb in order to infer possible biological 
traits 
 
 2.1 Abstract 
 
The genus Labeo is a large group of freshwater fish distributed across southern Asia, the 
Middle East and Africa. The genus is characterised by their specialised mouth and lip 
modifications needed for benthic feeding. This study aimed to infer possible biological traits 
of Labeo seeberi, using the ‘superficial genetic relationships’ among species, based on the 
species relatedness within the genus Labeo. Nucleotide sequences for Cytochrome oxidase 
subunit 1 (CO1) (478bp) were obtained from 34 Labeo species and Cytochrome b (Cytb) 
(275bp) from 24 Labeo species were obtained. Neighbor-joining and Maximum Likelihood 
trees were constructed to show phylogenetic relationships. For Cytb the results did not follow 
any pattern and for the purposes of this study were uninformative. For CO1 the tree showed 
two major clades namely an African clade and an Asian clade. The African clade also recovered 
the LNG, LFG and LCG groups proposed by Reid, 1985. According to this study L. seeberi is 
most closely related to L. vulgaris, but extrapolating the data using the groups proposed by 





The need for a conservation programme for Labeo seeberi  is urgent, as no other conservation 
initiatives for other Cyprinid species in the same catchment, such as the Clanwilliam 
yellowfish and Clanwilliam sawfin, are able to successfully secure populations of sandfish as 
sandfish populations are more fractured and smaller than the other two species and 
distributions do not completely overlap (Impson and Swartz, 2007; Paxton et al., 2012). 
Unfortunately, due to its scarcity and conservation status, sandfish are severely under-




establishing a conservation management plan are unknown, with little to no literature 
available. This study thus attempted to gain more information using common ancestry in 
determining traits, such as time to maturity and growth rate. This will then be added to the 
already known biological information, such as spawning season, habitat, migration and size 
at maturity. This information will then aid in the drafting of a sustainable Biological 
Management Plan for Species (BMP-S) for sandfish (Paxton et al., 2012). The BMP-S aims to 
secure sandfish populations by reducing the threat of alien invasive fish in critical areas of 
historical distribution and, to more importantly, increase the knowledge of sandfish biology 
and ecology in order to apply this knowledge to adaptive management strategies (Paxton et 
al., 2012; Lubbe et al., 2015).  
The genus Labeo is widely distributed throughout freshwater rivers and streams of Africa and 
Asia (Figure 2.1) (Yang et al., 2012; Zheng et al., 2012). Previous phylogenetic studies found 
that species from Africa and species from Asia clustered separately when constructing a 
phylogenetic tree with a clear divide between the two regions (Yang et al., 2009; Lowenstein 
et al., 2011; Yang et al., 2012). Further study using biogeography suggest that Labeo spp. 
originated in south-east Asia and then dispersed to east Asia, Africa and south Asia (Yang et 
al., 2009; Zheng et al., 2012). Labeo spp. thus spread from south-eastern Asia (Indo-China) 
westward through India, then Arabia and into Africa. Labeo spp. entered Africa through a 
single colonisation event, where it proceeded to spread south and eventually down to South 






Currently there are nine Lebeo species inhabiting South African Waters, however only two of 
these reside in the Cape Floristic Region (CFR), namely Labeo seeberi and Labeo umbratus 
(Paxton et al., 2012; van Rensburg, 1998). Furthermore, the general paucity of genetic 
information for South African species means that the phylogenetic placement of South 
African species have not yet been fully investigated.  
The aim of this chapter was thus to use the mitochondrial gene Cytochrome Oxidase 1 (CO1) 
and Cytochrome b (Cytb) as genetic markers to assess ‘broader scale’ species relatedness of 
the genus Labeo. In doing so identify the closest relatives to L. seeberi and superficial genetic 
relationships amongst these close relatives, shedding light on potentially shared biological 
characteristics that might be inferred and useful for conservation planning.  
 
Figure 2.1: Distribution of Labeo spp. across Africa, India and southeast Asia. Yellow arrows indicate the migration of 




2.3 Materials and Methods: 
 
Sample collection: Ethical clearance and permits were allocated internally at CapeNature. All 
capturing and sampling of fish was done by representatives of CapeNature. The samples were 
then delivered to this study. A total of 20 Labeo seeberi samples were collected from 
Oorlogskloof River, using a combination of seine nets, fyke nets and electric fishing. A small 
piece of the fin clip was collected from each specimen upon which the specimen was set free. 
The fin clips were immediately stored in 99.9% ethanol until DNA extraction. GPS co-ordinates 
were also logged for every specimen and deposited on the CapeNature Databank. 
 
DNA Extraction: Tissue (± 3g) was ground in a 1.5ml Eppendorf tube. Extractions were 
performed using an adjusted protocol as described by Justesen et al. (2002). CTAB extraction 
buffer (2% (w/v) CTAB, 1.4 M NaCl, 20 mM EDTA, 100 mM Tris-HCl, and 0.2 % (v/v) β-
mercaptoethanol) was pre-heated at 65˚C and 600 µl was added to the ground tissue. In 
addition to the extraction buffer, 20 mg/ml Proteinase K was added to each sample tube and 
incubated overnight at 65˚C. One volume of chloroform was added to each tube and gently 
mixed by inversion. Then centrifuged at 13 200 rpm and 18 ̊ C for seven minutes. The aqueous 
layer (the top layer) was transferred to a clean 1.5 ml Eppendorf tube. 200 µl Ice cold (-20˚C) 
isopropanol was added to each tube and mixed by inversion. Tubes were then incubated 
overnight at -20˚C. The formation of a pellet was produced by centrifuging samples at 
maximum speed for 15 minutes at room temperature. The DNA pellet was rinsed with 70% 
ethanol, air‐dried and dissolved in 50 µl MilliQ water. Samples were left at room temperature 
for 30 minutes and subsequently stored in the freezer at -20˚C until further analysis. 
 
Polymerase Chain Reaction: Polymerase chain reaction (PCR) was used to amplify the 
Cytochrome oxidase 1 (CO1) and Cytochrome b (Cytb) mitochondrial regions, using the primer 
set listed in Table 2.1. Each reaction had a total volume of 20µL consisting of 1X KAPA Ready 
Mix (KAPA Biosystems), 0.4µM of each primer, and 20ng template. Cycling was performed 
using a Veriti cycler (Lifetechnologies) using the follwing cycling conditions: initial denaturing 




with a final extention step at 72°C for 5min. PCR amplicons and a 1kb DNA-ladder were loaded 
onto a 1.5% TBE agarose gel for agarose gel electrophoresis. Fragments were visualized under 
uv-light using EtBr to determine presence of bands, size and quality and negative controls 
included to ensure no contamination.  
 
Table 2.1 List of the mitochondrial region amplified, the primer sequences to do so, the annealing temperatures at which 











FF2d: 5’-TTC TCC ACC AAC CAC 
AAR GAY ATY GG-3’ 
 
FR1d: 5’-CAC CTC AGG GTG TCC 
GAA RAA YCA RAA-3’ 
60 ±609 Ivanova et al. 2007 
Cytochrome b 
(Cytb) 
L14841: 5'-AAA AAG CTT CCA 
TCC AAC ATC TCA GCA TGA TGA 
AA-3' 
 
H15149: 5'-AAA CTG CAG CCC 
CTC AGA ATG ATA TTT GTC CTC 
A-3' 
55 ±302 Kocher et al. 1989 
 
Sequencing: Sequencing reactions were performed in the forward direction using BigDye® 
Terminator v3.1 sequencing kit (Applied Biosystems) as per manufacture’s specifications and 
capillary electrophoresis was performed on an ABI3730xl sequencer (Applied Biosystems) at 
the Central Analytical Facilities (CAF) at Stellenbosch University. 
 
Sequence Alignment and Phylogenetic analyses: Raw sequences of L. seeberi for both CO1 
and Cytb were edited in Geneious software v7.1 (Kearse et al., 2012). All other CO1 and Cytb 
sequences for Labeo species were then downloaded using the NCBI database function in 
Geneious v7.1. (Addendum A and Addendum B). Duplicate sequences were identified and 
removed from the list. A crude alignment was then made using the Multiple Sequence 
Comparison by Log-Expectation (MUSCLE) (Edgar, 2004) algorithm, implemented in the 
Geneious software. Sequences that shared no or very little overlap were discarded 
(incorrectly labelled or sequenced a different part of the gene as only partial coding 




exported separately. The number of haplotypes (Nh) for each species and assignment of 
individuals to each haplotype, were determined using the software package DnaSP version 5 
(Librado and Rozas, 2009). A single individual of the most abundant haplotype was then 
selected to represent each species. The best substitution model was tested for, for both CO1 
and Cytb using the implemented function in Mega v 6 (Tamura et al., 2013). Neighbor-Joining 
and Maximum Likelihood trees were then constructed, using the best fit substitution model 
based on the Bayesian Information Criterion (BIC), with the bootstrap method and 1000 




After editing and reviewing sequence quality 13 sequences of L. seeberi were included for the 
remainder of the study for CO1 and Cytb. Cytochrome oxidase 1 sequence length was 609bp, 
whilst for Cytb the amplified sequence was 302bp. The combined dataset for CO1 after the 
addition of the NCBI database sequences were 167 sequences representing 34 Labeo spp. and 
for Cytb it was 158 sequences representing 24 Labeo spp. For the combined dataset, the CO1 
alignment contained 478 characters and Cytb 275 characters. After these alignments were 
further trimmed down to only represent a single individual of each of the species, 34 
sequences for CO1 and 24 sequences for Cytb, remained for use in the phylogenetic study. 
The best fit models for CO1 were Tamura-3-Parameter + G (Neighbor-joining) and HKY +G +I 
(Maximum Likelihood), whilst for Cytb it was Tamura-Nei+ G (Neighbor-joining) and HKY +G 
(Maximum Likelihood). Of note is that bootstrap values for all four trees were low. 
Neighbor-Joining and Maximum Likelihood phylogenies showed similar topologies for 
Cytochrome oxidase 1 and Cytochrome b respectively. However, taxa representation 
between CO1 and Cytb differ, hence Neighbor joining and Maximum Likelihood trees from 
both CO1 and Cytb are presented (Figure 2.2 – 2.5). For CO1 (Figure 2.2 and 2.3) all African 
species formed a well supported group and were shown to be distinct from Asian Labeo 
species. As for Cytb (Figure 2.4 and Figure 2.5), no clear distinction between African and Asian 




In both Figure 2.2 and Figure 2.3 L. seeberi is most closely related to Labeo vulgaris (also 
known as Labeo niloticus, nile carp) which is a species from north eastern Africa (Egypt, 
Ethiopia and Sudan)(Azeroual et al., 2010). It is also worth noting that Labeo vulgaris closely 
resembles Labeo horie in morphology and is closely grouped in Figure 2.2 and 2.3. 
Unfortunately, not much biological data is available on Labeo horie and no comparisons could 
be made. Labeo horie and Labeo senegalensis paired together with very high posterior 
probabilities (P≥ 99%). This confirms the findings of Yang et al., 2012 in which they resolved 
L. horie and L. senegalensis as sister species. The grouping of L. horie, L. senegalensis, L. 
altivelis and L. weeksii also mirror that of the proposed Labeo niloticus group (LNG) by Reid, 
1985. The grouping of L. forskalii, L. annectens, L. parvus, L. simpsoni, L. nasus and L. 
quadribarbus, follow that of the Labeo forskalii group (LFG)(Reid, 1985).The relationship of L. 
nasus, L,. parvus, L. quadribarbus and L. simpsoni is consistent with the findings of Lowenstein 
et al., 2011. Labeo coubie and Labeo longipinnus represent the Labeo coubie group (LCG) 
proposed by Reid, 1985 and have been confirmed sister species by Ramoejane, 2016. Of note 
is that Ramoejane described Labeo batessi as one of the most divergent species of Labeo and 
Labeo vulgaris and Labeo ruddi (not represented) as the lineage where the two species are 






Figure 2.2: Neighbor-Joining tree depicting the phylogenetic relationship between Labeo spp. based on the CO1 mitochondrial gene. The tree was constructed using the Tamura-3-
Parameter + G with 1000 bootstrap repetitions. Bootstrap values are indicated on each node as percentages. Two clades are visible, the African clade in blue, and the Asian clade in black. 





Figure 2.3. Maximimum Likelihood tree depicting the evolutionary relationship between Labeo spp. Based on the CO1 mitochondrial gene. The tree was constructed using the HKY +G +I 
model with 1000 bootstrap repetitions. Bootstrap values are indicated on each node as percentages. CO1 shows clear distinction between Africa (Blue) and Asia (Black). This figure shows 






Figure 2.4. Neighbor-Joining tree depicting the phylogenetic relationship between Labeo spp. based on the Cytb mitochondrial gene. The tree was constructed using the Tamura-Nei+ G 
model with 1000 bootstrap repetitions. Bootstrap values are indicated on each node as percentages. Cytb shows no clear distinction between African species (Blue) and Asian species 





Figure 2.5 Maximimum Likelihood tree depicting the evolutionary relationship between Labeo spp. Based on the Cytb mitochondrial gene. The tree was constructed using the HKY +G 
model with 1000 bootstrap repetitions. Bootstrap values are indicated on each node as percentages. Cytb shows no clear distinction between Africa (Blue) and Asia (Black) with 




2.5 Discussion: 884 
 885 
The Bootstrap values being low for all four trees indicate that the branches are not very well 886 
supported. Results must thus be interpreted with caution and cannot be seen as definitive 887 
rather as rough estimates. The relatedness analysis was in accordance with the proposed 888 
lineages of Labeo niloticus group (LNG), Labeo forskalii group (LFG) and Labeo coubie group 889 
(LCG) by Reid, 1985. It also supports the provisional finding of Lowenstein et al., 2011 in that 890 
African Labeo were monophyletic except for Cytb data, which groups the Asian Labeo with 891 
Labeo seeberi. The failure of Cytb might be as result of mtDNA saturation as other studies 892 
have confirmed the Asian lineage to be distinct from the African lineage (Lowenstein et al., 893 
2011; Yang et al., 2012). 894 
The clear African and Asian clade represented in both Figure 2.2 and Figure 2.3 corroborates 895 
the findings of Yang et al., 2009; Lowenstein et al., 2011; Yang et al., 2012 (Addendum C). The 896 
above mentioned literature indicate the origin of the Labeo spp. to be in South East Asia, 897 
which then spread west to India, Arabia and then to Africa. Having spread to Africa in a single 898 
colonisation event, the migration continued to the south of Africa. Both Figure 2.2 and Figure 899 
2.3 indicated Labeo vulgaris as the closest relative. From Figure 2.2 and 2.3 it is also apparent 900 
that Labeo vulgaris forms part of the LNG with Labeo horie, Labeo senegalensis and others. 901 
Labeo vulgaris (Labeo niloticus) is a freshwater fish inhabiting north-eastern Africa namely 902 
Egypt, Ethiopia and Sudan. Currently it is listed as least concern in terms of conservation 903 
priority as it has a widespread distribution with no major threats (Azeroual et al., 2010). It is 904 
predominantly an herbivorous species, feeding of diatoms, blue green algae and lo a lesser 905 
extent organic debris. Sexual maturity is around two years old (220-260mm TL) and spawning 906 
takes place in running waters during May to June (spring in the northern hemisphere). Labeo 907 
vulgaris grows to ±47 cm max length. 908 
Using the basic information on the species together with anecdotes and Labeo seeberi is 909 
rheophylic, adapted to fast flowing headwaters or tributaries of large river system, undergo 910 
migrations from feeding grounds to spawning grounds during September to November 911 
(spring in the southern hemisphere) are benthic feeders and reach sexual maturity at 250mm 912 




Extrapolating from Ramoejane, 2016 results, using the data from Lowenstein et al., 2011 and 914 
Yang et al., 2012, Labeo seeberi belongs to the Labeo umbratus Group (LUG) with Labeo 915 
umbratus, Labeo capensis and Labeo rubromaculatus. These fish are endemic to southern 916 
Africa and members more closely resemble Asian species in terms of their morphology and 917 
small scale size, than they do African Species (Reid, 1985). Labeo seeberi possesses the highest 918 
number and smallest scale size of any African Labeo species (Reid, 1985). Ramoejane, 2016, 919 
finally resolved L. seeberi to be sister species to L. umbratus and L. capensis. We can now 920 
speculatively infer approximate growth rate and time to maturity of Labeo seeberi using one 921 
of its South African relatives, which not only is geographically close by, but also shares a 922 
similar habitat namely Labeo capensis. Like Labeo seeberi, Labeo capensis also inhabits deep 923 
silted pools mixed with fast flowing rocky rapids. Like the CFR the Caledon River in which 924 
Labeo capensis makes its home also has decreased water-flow during the dry season leading 925 
to crowded isolated pools. Labeo capensis also spawns during the same time as L. seeberi and 926 
reaches sexual maturity at the same size (250mm) and breeds in summer over shallow rocky 927 
rapids, where they aggregate in large numbers (Skelton, 2001). Using this as reference, we 928 
can speculatively infer that Labeo seeberi reaches sexual maturity at approximately ±4 years 929 
of age growing 4-6 cm per year up unto the sixth year after which it decreases steadily. 930 
Females grow faster than males, and have a longer lifespan (Baird, 1976). These are however 931 
only preliminary, speculative results and further testing needs to be done to provide definitive 932 
answers. 933 
 934 
2.6 Conclusion: 935 
 936 
Using CO1 as marker correctly identified three of the five African Labeo groups proposed by 937 
Reid, 1985. Identified that Cytb is not a suitable marker for determining Labeo phylogeny as 938 
it has potentially undergone mtDNA saturation. By determining the closest common ancestor 939 
to Labeo seeberi we have added to the preliminary biological knowledge of the species and 940 
thereby aid the BMP-S that is being drafted for sandfish conservation. This includes the 941 
inferred approximate growth rate of Labeo seeberi as being 40-60 mm per year and reaching 942 




that Labeo seeberi is an r-type spawner (mass spawning events) with short hatch times for 944 
the eggs ±2 days. Knowing the growth rate is a benefit to conservation as rangers can 945 




Chapter 3: Assessing population genetics of the Clanwilliam sandfish, Labeo seeberi within 947 
its last remaining habitat, using microsatellite and mtDNA markers 948 
 949 
3.1 Abstract 950 
 951 
The Clanwilliam sandfish (Labeo seeberi) was once widespread throughout the Olifants-952 
Doring River system, but suffered significant population declines. This has led to the absence 953 
of sandfish in the Olifants River and few populations in the Doring River. Sandfish play an 954 
important role in maintaining freshwater river habitat by controlling algae levels and cycling 955 
nutrients. Thus, sandfish need to be conserved in order to maintain river health. Gaining 956 
knowledge about the genetic diversity and population structure of L. seeberi is important in 957 
drafting an effective conservation and management programme to secure sustainable 958 
sandfish populations. Genetic diversity and population differentiation were estimated using 959 
6 microsatellite loci and the hyper variable region (D-loop) of the mitochondrial DNA 960 
(mtDNA). For the microsatellite data, the number of alleles (AN) ranged from 6 to 11, expected 961 
heterozygosity (HEnb) ranged from 0.696 to 0.700 and the inbreeding coefficient (FIS) was non-962 
significant. There was no significant differentiation between populations (OKNR, Riet and Bos) 963 
according to the Analysis of Molecular Variance (AMOVA), Factorial Correspondence Analysis 964 
(FCA) and the FST –values. Effective population size (Ne) of Riet (118) and Bos (15) were 965 
relatively small compared to the OKNR population (465). Microsatellite data also indicate no 966 
recent genetic bottleneck and no significant relatedness (r) among individuals of the same 967 
population. For the mitochondrial data, haplotype diversity (h) was high 0.782 to 0.821 and 968 
no significant population differentiation (ΦST) detected. These results indicate that OKNR, Bos 969 
and Riet are not genetically differentiated, with some level of gene flow maintaining genetic 970 
diversity. It also indicates that OKNR is the primary breeding grounds, but that diversity 971 
outside of the OKNR exists. Considering the critically endangered status of Labeo seeberi, 972 




3.2 Introduction: 974 
 975 
The value of conserving and researching the Clanwilliam sandfish is inestimable, not as 976 
economic commodity, but its integral function in the freshwater biodiversity of the Cape 977 
Floristic Region (CFR) (Paxton et al., 2012). This integral function is the cycling of nutrients and 978 
controlling algae in the rivers they inhabit, as result of their algivorous and detritovorous 979 
feeding habits (Skelton, 2001). If these conservation practices learned from Labeo seeberi 980 
prove to be effective, these practices could set to benefit endemic fish assemblages by 981 
broadening its objective to other effected fish assemblages downstream (Paxton et al., 2012). 982 
Once widespread throughout the Olifants-Doring River system, much of this distribution has 983 
been lost (Paxton et al., 2012). In a survey done in 2011, as part of the Biodiversity 984 
Management Plan for Species (BMP-S) aimed at the Clanwilliam sandfish, the investigators 985 
presented evidence to support an 80% decline in population numbers as opposed to pristine 986 
population. With most of the decline being attributed to the reduction/seizure of populations 987 
within the main stream of the Olifants and Doring Rivers (Paxton et al., 2012; Lubbe et al., 988 
2015). This reduction in population viability within the main streams was two-fold. First was 989 
the large-scale water resource infrastructure (dams and weirs) and water abstraction in the 990 
Olifants River (Paxton et al., 2012). Secondly is the fish population composition of the 991 
mainstream Doring River system. Dams and weirs create barriers to the fish ability to move 992 
freely throughout the river system, affecting the dispersal of juveniles, the migration to and 993 
from feeding/breeding grounds and overwintering areas (Paxton et al., 2012). The 994 
populations that do persist in the mainstream are mainly comprised of old, larger individuals 995 
(>400mm) that are beyond the prey size class (Lubbe et al., 2015). Although these populations 996 
seem to be reproducing, the offspring seldom survive to adulthood as result of predation by 997 
alien invasive fish species. Leaving little to no recruitment of juveniles. Data thus indicates L. 998 
seeberi being completely absent from the Olifants River and the remaining populations in the 999 
Doring River main stream becoming increasingly scarce and heterogeneously distributed, and 1000 
only occurring in the middle and northern reaches (Paxton et al.,  2012; Lubbe et al., 2015).  1001 
Apart from the scarce population persisting in the mainstream Doring River, the majority of 1002 




guarded against alien invasive fish species by means of natural barriers. The only known 1004 
successfully recruiting sandfish populations occur in the confined reaches of the Oorlogskloof 1005 
Nature Reserve (OKNR) of the Oorlogskloof River, called the Koebee in its upper reaches, in 1006 
the Northern and Western Cape Provinces (Paxton, 2002; Paxton et al., 2012; Lubbe et al., 1007 
2015). 1008 
In order to secure sustainable populations of sandfish, conservation efforts need to protect 1009 
distinct populations of the species and preserve their evolutionary significance. This is 1010 
because this diversity could be the result of locally adaptive traits that may affect the ability 1011 
of a species to respond to new evolutionary challenges (Vrijenhoek, 1998). Populations that 1012 
have been historically isolated and are genetically distinct from one another are designated 1013 
as Evolutionary Significant Units (ESU). For a population to be considered an ESU, it must 1014 
comply to two criteria:  The population has to be reciprocally monophyletic for mtDNA alleles 1015 
and show significant divergence of allele frequencies at nuclear loci (Moritz et al., 1994). If a 1016 
population does not fit both criteria, but still shows divergent allele frequencies at nuclear 1017 
loci, it could still be considered for conservation as a Management Unit (MU). Evolutionary 1018 
significant units thus recognise the major intraspecific genetic diversity for conservation 1019 
actions (historical populations/diversity), whilst MU’s represent demographically 1020 
independent sets of populations characterised by restricted gene flow that can be managed 1021 
to retain the larger ESU (Moritz et al., 1994; Palsboll et al., 2007; Funk et al., 2012). Delimiting 1022 
conservation units as important elements of intraspecific diversity has significant implications 1023 
for genetic rescue of small populations through restoration of gene flow or by augmentation 1024 
and it is becoming increasingly clear that genetic rescue needs to be considered more broadly 1025 
if increased population extinction is to be averted (Love Stowell et al., 2017; Ralls et al., 2018). 1026 
It was proposed that mixing MU’s, but not ESU’s could be considered an appropriate strategy 1027 
for genetic rescue (Moritz et al., 1994). The distinction between ESU and MU is important as 1028 
it affects the way in which genetic evidence is obtained and interpreted and to be used 1029 
effectively. ESU is concerned with the historical population structure, mtDNA phylogeny and 1030 
long-term conservation needs whilst MU addresses the current population structure, allele 1031 
frequencies and short term management issues (Moritz 1994). The power of genetic tools to 1032 
identify ESU’s and MU’s greatly contribute effective conservation programs, conserving 1033 




Swartz, 2013 (Chapter 1.5 – Conservation genetics) in which they discovered isolated lineages 1035 
that are to be managed as ESU’s and further sub-structuring of populations within those 1036 
lineages which are to be managed as MU’s. These studies also identified hybrid specimens 1037 
leading to even more specialised conservation actions. Thus without the use of genetic tools 1038 
in conservation, a lot of diversity and local adaptation could be lost (Vrijenhoek, 1998). 1039 
 1040 
It was thus proposed that the knowledge of the species biology and ecology should be greatly 1041 
increased as to apply it in adaptive management strategies (Paxton et al., 2012). One of the 1042 
key components in the drafting the adaptive management plan is determining the genetic 1043 
diversity and genetic population structuring of Labeo seeberi using microsatellites and 1044 
mitochondrial DNA. Microsatellite markers were selected for identifying contemporary 1045 
genetic processes (Vrijenhoek 1998; Abdul-Muneer, 2014). Mitochondrial markers were used 1046 
to identify historical genetic processes. This study did however use a section of the control 1047 
region (D-loop) which is not under functional constraint so that more mutations could be 1048 
present in order to calculate diversity more effectively (Vrijenhoek, 1998; Scribner et al., 1049 
2016). This study therefore aims to quantify the genetic diversity and population genetic 1050 
structure of Labeo seeberi in the Olifants-Doring River system using microsatellite and 1051 
mitochondrial DNA markers, in order to contribute to management and restocking plans 1052 
ensuring the long term survival of the species. 1053 
 1054 
3.3 Materials & Methods: 1055 
 1056 
3.3.1 Study populations and specimens: 1057 
 1058 
Ethical clearance and permits were allocated internally at CapeNature. All capturing and 1059 
sampling of fish was done by representatives of CapeNature. The samples were then 1060 
delivered to this study. In total 128 individuals were sampled from three different sampling 1061 
sites (Oorlogskloof Nature Reserve (82), Rietkuil (36) and Bos (10) (Figure 3.1) spanning the 1062 




Individuals were captured using a combination of sein nets and large fykes. Tissue samples 1064 
(fin clips) were collected from each individual and stored in a 2.5ml tube filled with 99.9% 1065 
Ethanol. Samples were stored at 4°C until DNA extractions could be performed using the 1066 
adjusted CTAB protocol as described by Justesen et al. 2002 as described in Chapter 2. 1067 
 1068 
Figure 3.1: Map of the Olifants-Doring River system in the Northern and Western Cape of South Africa. The Clanwilliam 1069 
sandfish is restricted to the northern reaches of the Doring River (orange range) with recruitment restricted to the 1070 
Oorlogskloof-Koebee tributary River. The red range indicates where sandfish were historically present but are now extinct. 1071 
The yellow range indicates where sandfish possibly still are but in low frequency with effectively zero recruitment possible. 1072 
The red dots (OKNR), (Riet) and (Bos) indicate the position of the three populations. 1073 




Table 3.1: Names, symbols, co-ordinates and number of individuals for each sampling population of Labeo seeberi used 1075 
in this study 1076 

























OKNR Site 1 8 
Site 2 OKNR Site 2 2 
Site 3 OKNR Site 3 7 
Site 4 OKNR Site 4 8 
Site 5 OKNR Site 5 16 
Site 6 OKNR Site 6 10 
Site 7 OKNR Site 7 7 
Site 8 OKNR Site 8 8 
Site 9 OKNR Site 9 2 
Site 10 OKNR Site 10 2 













Co-ordinates represented on a physical map in (Figure 3.1). 1077 
 1078 
3.3.2 Microsatellite genotyping: 1079 
 1080 
Eleven microsatellite markers were sourced from literature on sister Labeo species, Labeo 1081 
rohita and Labeo fimbriatus, as indicated in Table 3.2 and Addendum D. These markers were 1082 
then cross- amplified in Labeo seeberi. The markers that successfully amplified, were 1083 
polymorphic, and consistently scoreable were selected for dowstream analysis. Genotyping 1084 
of the individuals from the three different sampling regions were performed using 6 1085 




Table 3.2: Microsatellite loci information stating the name of locus, the fluorescent label, primer sequence, annealing 1087 
temperature, the size range and the repeat sequence. 1088 





F: 5’-AGA TCA TTG CTG GGG AGT GTT TAT-3’ 
 
R: 5’-GAC CTG CCT GTG CCA TCT GTA-3’ 
58 
Swain et al., 
2013 
Lr_28 PET 
F: 5’-TTC ACG GAC AGA TTT GAC CCA G-3’ 
 
R: 5’-AGT CTT TTC AGG AGA TTA GCA G-3’ 
60 Patel et al., 2009 
Lr_29 NED 
F: 5’-ACG TAA AGG TCA CAA GCT GAA G-3’ 
 
R: 5’-AGC ACG GTG TTT GTG TGC GAG-3’ 
60 Patel et al., 2009 
Lr_30 VIC 
F: 5’-ACG CGC TAG GGT CGT ACA GTG-3’ 
 
R: 5’-CAG CAT CAT GTT AAG CGC TGT C-3’ 
60 




F: 5’-AGC GTG TCT GAT GTG TGA AAG G-3’ 
 
R: 5’-TCA GAT GCC TCC TGC ATT CTG-3’ 
58 




F 5’-TCC AGT CAC CAC ATG CGT TTG-3’ 
 
R 5’-GTC GAT TTC ATC GTG AGG CTC-3’ 
58 Patel et al., 2011 
Lr_44 NED 
F: 5’-CAC CCA GGG AGT TAG TTT CTG-3’ 
 
R: 5’-AAA GAG CAT CAT GGC ATT GAC-3’ 
57 Patel et al., 2011 
Lr_46 FAM 
F: 5’-TGA CGT ATT GTC AAC TAT GGT G-3’ 
 
R: 5’-TCC ACC TTC AAt ACC ATG ACT G-3’ 
58 Patel et al., 2009 
LF_8* FAM 
 
F: 5’-GTG AAG CAA CGA CTT CAG AGA G-3’ 
 
R: 5’- CCA GAA GAC CAT AGC AAC CAC-3’ 
53 




F: 5’-ACA CTC ACA CTC GCT CAC TCA C-3’ 
 
R: 5’-CGG TGA ATG CTG ATG AAC TG-3’ 
55 




F: 5’-AAC GTC ACA CAT GCT CCT AGT C-3’ 
 
R: 5’-CTG CCC ATG ACA CTG AAA CTC-3’ 
60 
Swain et al., 
2012 
 1089 
All polymerase chain reactions (PCR) were performed using the Veriti Thermo Cycle 1090 
(LifeTechnologies), with KAPA Taq Ready Mix (KAPA Biosystems). The PCR conditions were as 1091 
follows: A final reaction volume of 10µl consisted of 1X KAPA Taq Ready Mix, 100ng of DNA 1092 
and 0.4µM of each primer. The cycling conditions were as follows: Denaturing at 95°C for 1093 
5min followed by 30 cycles of 95°C for 45sec, X°C (Table 3.2) for 1min and 72°C for 2min with 1094 




Capillary elctrophoresis was performed using a 3730XL Genetic Analyzer (LifeTechnologies). 1096 
A LIZZ600 size standard (LifeTechnologies) was used for sizing. GeneMapper® version 4.0 1097 
(LifeTechnologies) was used for allele scoring and were manually revised to ensure 1098 
corectness. File conversions were performed using MS tools (Kim and Sappington, 2013).  1099 
 1100 
3.3.3 Microsatellite Data Analysis: Genetic Diversity 1101 
 1102 
The basic genentic diversity estimates such as unbiased expected (HEnb) and observed (HO) 1103 
heterozygosity, number of alleles (AN) and allelic richness (AR) were calculated as follows. The 1104 
number of alleles (AN) per population per locus were calculated using the software program 1105 
Fstat version 2.9.3.2 (Goudet, 1995). The program HP-RARE (Kalinowski, 2005) was used to 1106 
calculate allelic richness (AR) and private allelic richness (APR), standardised for sample sizes. 1107 
Genetix version 4.03 (Belkhir et al., 2000) was used for calculating the observed (HO) and Nei’s 1108 
unbiased expected (HEnb) heterozygosities (Nei, 1978) as well as the Fis-values. The departure 1109 
from Hardy Weinberg Equilibrium (HWE) (exact probability test (Guo and Thomson, 1992), 1110 
500 batches, 10 000 iterations (Raymond and Rousset, 1995)) and the null allele frequencies 1111 
(Frnull) were both calculated per population per locus using the computer software Genepop 1112 
version 4.0.7 (Raymond and Rousset, 1995).  1113 
 1114 
3.3.4 Microsatellite Data Analysis: Population Differentiation: 1115 
 1116 
Population differentiation analysis was split into two sections. The first section was to test for 1117 
possible genetic structure between OKNR, Rietkuil and Bos. The importance of this was to 1118 
determine if populations of different rivers were genetically distinct from one another or if 1119 
they represented a signle homogeneous population. The second section was to determine 1120 
whether there was population genetic structure between the 11 sampling sites within the 1121 
OKNR (Table 3.1) as this region serves as the spawning sanctuary for Labeo seeberi. This area 1122 
is thus of great importance, as any genetic substructuring would directly effect the overall 1123 




conducted for both OKNR as separate from the rest, and OKNR as a whole against Rietkuil and 1125 
Bos. 1126 
 1127 
Global analysis across major regions: OKNR, Rietkuil and Bos 1128 
: 1129 
To assess genetic differentiation between populations, pairwise FST, Analysis of Molecular 1130 
Variance (AMOVA), Factorial Correspondence Analysis (FCA) and Bayesian clustering 1131 
analytical methods were calculated as follows. Pairwise FST were calculated and the 1132 
significance levels set at 0.05 (p ≤ 0.05) in the software program Arlequin version 3.5 (Excoffier 1133 
and Lischer, 2010). To support the FST-data, an AMOVA was performed also using the software 1134 
program Arlequin version 3.5. Genetix version 4.03 (Belkhir et al., 2000) was used to calculate 1135 
and visually present the genetic differentiation between populations by means of a Factorial 1136 
Correspondence Analysis plot. The Bayesian clustering software Structure version 2.3.4 1137 
(Pritchard, 2000; Falush, 2003; Falush, 2007; Hubisz et al., 2009) was employed to detect the 1138 
most likely number of clusters/populations (K) and the proportion of each K within each 1139 
idividual genome. Ten replicates of 50 000 runs and a 10 000 iteration burn-in period, 1140 
assuming no prior population information, was performed for each K. The estimated log 1141 
probability for each value of K was calculated assuming the admixture model with correlated 1142 
allele frequencies and K ranging from K=1 (Panmictic) to K=5 (number of distinct sampling 1143 
sites + 2). The web based program Structure harvester version 0.6.93 (Earl and von Holdt, 1144 
2012) was implemented to process the STRUCTURE result files and identify the most likely K-1145 
value using the method of Evanno et al., 2005. The results for the 10 replicates were averaged 1146 
and the output visualised (bar-plot visualising the proportion of each K within each individual 1147 
genome) using the web based program CLUMPAK (Kopelman et al., 2015) 1148 
 1149 
Local analysis within the OKNR: 1150 
 1151 
The same analyses were conducted, as described for the global analysis, with the exception 1152 




The number of possible populations were changed to K=15 in accordance with the change in 1154 
number of sampling sites (distinct numbers of sites + 4). Ten replicates of 50 000 runs and a 1155 
10 000 burn-in period was performed for each K, assuming no prior population information. 1156 
All other parameters remained the same. 1157 
 1158 
3.3.5 Microsatellite Data Analysis: Effective population size (Ne) and population bottlenecks: 1159 
 1160 
Contemporary effective population sizes were estimated for each of the sampling 1161 
populations, using the linkage disequilibrium (random mating) and heterozygosity excess 1162 
method as implemented in Ne Estimator v. 2.0.1. (minimum allele frequency Pcrit = 0.02) (Do 1163 
et al., 2014). Significance tests were set at upper and lower 95% confidence intervals. To test 1164 
for recent bottlenecks, the Wilcoxin signed rank test (Luikart et al., 1998), under all three 1165 
mutation models [Infinite alleles model (IAM), stepwise mutation model (SMM) and the two-1166 
phased model (TPM)] were carried out as implemented in BOTTLENECK v1.2.02 (Piry et al., 1167 
1999). Analysis were carried out using 10 000 replications at the 5% nominal level and a TPM 1168 
composed of 70% SMM and 30% IAM and a variance of 30.  1169 
 1170 
3.3.6 Microsatellite Data Analysis: Relatedness, r, per population: 1171 
 1172 
Mean relatedness per population was calculated in GENALEX v6.5 (Peakall and Smouse, 1173 
2012), using the relatedness estimator, r, of Queller and Goodnight ,1989 (Significance testing 1174 
by 999 bootstrap replicates).  1175 
 1176 
3.3.7 mtDNA Analysis: Sequencing and Alignment  1177 
 1178 
Thirteen individuals were selected at random from each of the three sampling regions (Fig 1179 
3.1), for a total of 39 individuals included in these analyses. A 736bp region of the control 1180 
region (D-Loop) was amplified by means of Polymerase chain reaction (PCR) using the primer 1181 
pair of Fish G(F): 5’-GCATGGGTCTTGTAATCCGA-3’and Fish F(R): 5’-1182 




Kappa Taq Ready Mix (Kappa Biosystems).  The thermal cycling profile of the PCR was 95°C 1184 
for 3min, followed by 35 cycles of 30s at 95°C, 30s at 57°C and 1 min at 72°C, with a final 1185 
extension step at 72°C for 7 min. The PCR amplicons were sent to the Stellenbosch University 1186 
Analytical Facility (DNA sequencing unit) where samples were purified using the Qiagen gel 1187 
clean-up system and sequenced using standard Sanger sequencing chemistry (BigDye® 1188 
terminator v3.1 cycle sequencing kit, Life Technologies). Sequencing products were purified 1189 
using Sephadex spin columns (Princeton Seperations, Adelphia, NJ) and analysed via capillary 1190 
electrophoresis on a 3730XL Genetic Analyzer (LifeTechnologies). Sequences were aligned 1191 
using the MUSCLE algorithm (Edgar, 2004), implemented in MEGA v6 (Tamura et al., 2011), 1192 
manually corrected and trimmed to equal lengths. 1193 
 1194 
3.3.8 mtDNA Analysis: Molecular diversity and population differentiation: 1195 
 1196 
The following genetic parameters were estimated for each sampling region: Number of 1197 
polymorphic sites (S), haplotype diversity (h) and nucleotide diversity (π) using DnaSP v5.10.1 1198 
software (Librado and Rozas, 2009). Analysis of Molecular Variance (AMOVA) and pairwise 1199 
molecular differentiation (ΦST) were calculated using ARLEQUIN v3.5. (Excoffier, 2010). 1200 
Fisher’s exact test was done to evaluate the significance ΦST results. ΦST was estimated using 1201 
the Tamura-Nei (as suggested by the AIC and BIC scores implemented in MEGA v6. modeltest 1202 
function) model of nucleotide substitution, with α- value of the gamma distribution set to 1203 
default 0. The significance of the Φ-statistics were determined using 1000 iterations.  1204 
Maximum parsimony haplotype networks (Polzin and Daneshmand, 2003) were constructed 1205 
by means of the median joining algorithm (Bandelt et al., 1999) with default parameters in 1206 




3.4 Results  1208 
 1209 
3.4.1 Microsatellite genotyping: 1210 
 1211 
Of the 11 microsatellite markers listed in (Table3.2), six microsatellite markers amplified 1212 
successfully and were polymorphic. These six markers include Lro_26, Lr_36, Lr_41, LF_8, 1213 
LF_15 and LF_16. These six microsatellite markers were thus included for further analysis. A 1214 
criteria was put in place allowing only individuals with four or more markers (> 50%) 1215 
successfully typed  to be included for further analysis. A total of 128 individuals were 1216 
sucessfully genotyped for  four or more microsatellite markers. Null allele frequencies (FRnull) 1217 
are shown in Addendum E. 1218 
 1219 
3.4.2 Microsatellite Data Analysis: Genetic Diversity: 1220 
 1221 
Genetic diversity statistics including number of individuals (Nind), number of alleles (AN), allelic 1222 
richness (AR), Private allelic richness (APR), Hardy Weinberg Equilibrium (HWE), observed (HO) 1223 
and unbiased expected (HEnb) heterozygosities and FIS are shown in Addendum E and 1224 
summarised as means per population in Figure 3.2 1225 
 1226 
 1227 
Figure 3.2: Summary of mean diversity statistics per population including number of alleles AN, Allelic Richness AR, 1228 





Overall, the mean number of alleles per sampling region was moderate to low (Figure 3.2). 1231 
Ranging from 11.167 (OKNR) as the most number of alleles (AN) per sampling site to 6.500 1232 
(Bos) as the fewest number of alleles per sampling site. OKNR and Riet displayed similar 1233 
number of alleles per sampling region whilst the number of alleles per sampling region for 1234 
Bos was considerably fewer. Based on frequency and corrected for population size disparity, 1235 
the allelic richness (AR) are much more comparable between the three sampling regions, 1236 
6.069 (OKNR), 6.279 (Riet) and 6.500 (Bos). The mean unbiased expected heterozygosity for 1237 
each of the three sampling regions were also comparable, 0.698 (OKNR), 0.700 (Riet) and 1238 
0.676 (Bos). Interestingly, all three sampling regions have private alleles and although the 1239 
mean number of private alleles per sampling region is few, it would seem as though it has an 1240 
inverse proportion to population size/sampling size. The mean Fixation indices FIS for the 1241 
three regions were all very low. 1242 
 1243 
3.4.3 Microsatellite Data Analysis: Population Differentiation: 1244 
 1245 
The FST-values for estimating genotypic differentiation between OKNR, Riet and BOS (Table 1246 
3.3 and Addendum F) ranged from 0.004 to 0.008 and suggested that OKNR is marginally 1247 
differentiated from Riet (FST = 0.008; P = 0.044), whilst all other population comparisons were 1248 
non-significant. Pairwise FST-values for calculating the differentiation between the 11 1249 
different sampling sites within the Labeo seeberi sanctuary namely OKNR (Table 3.4 and 1250 
Addendum G), ranged between 0.00016 and 0.25714. Overall there were no significant 1251 
differentiated sites, except for site 11 as compared to a number of the other sites.  1252 
 1253 
Table 3.3 Pairwise FST- values describing the extent of genetic differentiation between 3 regions within the Olifants-1254 
Doring River system 1255 
 OKNR Riet Bos 
Riet 0.008* 0.000  
Bos 0.004 0.005 0.000 




Table 3.4 Pairwise FST- values describing the extent of genetic differentiation between 11 sampling sites along the 1257 
Oorlogskloof River. 1258 
 Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9 Site 10 Site 11 
Site 2 0.065 0.000          
Site 3 -0.002 0.064 0.000         
Site 4 -0.049 0.118 -0.025 0.000        
Site 5 0.003 0.097 -0.003 -0.059 0.000       
Site 6 0.000 0.061 0.033* -0.027 -0.002 0.000      
Site 7 -0.018 0.053 -0.001 -0.045 -0.006 -0.005 0.000     
Site 8 -0.003 0.051 0.008 -0.083 0.003 -0.002 -0.007 0.000    
Site 9 0.013 0.048 -0.003 -0.010 -0.021 0.025 0.003 0.023 0.000   
Site 10 0.005 0.062 0.019 -0.002 0.001 -0.001 0.000 0.024 0.015 0.000  
Site 11 0.146* 0.257 0.085* 0.074 0.069 0.156* 0.12869* 0.132* 0.123 0.075 0.000 
* Significance P ≤ 0.05 1259 
 1260 
The analysis of molecular variance between the three sampling regions (Bos Riet and OKNR) 1261 
(Table 3.5) corroborated the pairwise FST results (Table 3.3), indicating weak overall 1262 
population differentiation and finding the accompanying F-statistic to be non-significant (FST 1263 
= 0.005, P = 0.784, 0.548% of the total variation). The majority of the total variance (90.255%) 1264 
came from within the individuals, whilst the variance among individuals within populations 1265 
accounted for the remaining 9.197%. The AMOVA results for the 11 sites of the OKNR (Table 1266 
3.6), mirror that of the beforementioned AMOVA as it also has weak population/ site 1267 
differentiation with the accompanying F-statistic being non-significant (FST = 0.005, P = 1.000, 1268 
0.508% of the total variation). The majority of the variance was distributed within individuals 1269 
(91.945%) whilst the remainder of the variance was ditributed among individuals within 1270 
popupulations (7.547%). It is important to note that although the pairwise FST’s indicated 1271 
significant differentiation for a few of the sampling sites (Table 3.3 and 3.4) the differentiation 1272 




Table 3.5 AMOVA results as weighted average across 6 loci of study populations (OKNR, Rietkuil and Bos) of Labeo 1274 
seeberi 1275 
Source of variation Sum of squares Variance components % Variation 
Among populations 6.062 0.011 0.548 
Among Individuals 
within populations 
285.124 0.194 9.197 
Within individuals 242.500 1.900 90.255 
Total 533.686 2.105  
FIS: 0.092 P: 0.000*   
FST: 0.005 P: 0.784   
FIT: 0.097 P: 0.000*   
* Statistical significance at the 95% nominal level (P ≤ 0.05) 1276 
 1277 
Table 3.6 AMOVA results as weighted average across 6 loci of the 11 sampling sites of Labeo seeberi in the OKNR 1278 
Source of variation Sum of squares Variance components % Variation 
Among populations 23.981 0.011 0.508 
Among Individuals 
within populations 
158.643 0.158 7.547 
Within individuals 157.500 1.928 91.944 
Total 340.124 2.097  
FIS: 0.076 P: 0.004*   
FST: 0.005 P: 1.000   
FIT: 0.081 P: 0.001*   
* Statistical significance at the 95% nominal level (P ≤ 0.05) 1279 
 1280 
Factorial Correspondance Analysis (FCA) (Figure 3.3) illustrates some evidence of separation 1281 
of the clusters although there is still a large proportion of overlap at the edges. The blue 1282 
cluster made up of individuals from the Riet population, the White cluster of individuas from 1283 
Bos and the yellow cluster consisting of individuals from the OKNR. This supports both the 1284 
pairwise FST  (Table 3.3) and AMOVA (Table 3.5) results as the differentiation of OKNR and Riet 1285 




overlapping individuals at the edges. This means that the global population differentiation as 1287 
indicated by the AMOVA is still a very small component of the variance. The FCA-plot for the 1288 
11 sites of the OKNR (Figure 3.4) appears to have no significant clusters apart from a few small 1289 
outlier sites. This too supports the previosly mentioned pairwise FST (Table 3.4) and AMOVA 1290 
(Table 3.6) in showing that the 11 sites within the OKNR are not differentiated. 1291 
 1292 
 1293 
Figure 3.3: Factorial correspondence analysis showing scatter plots of the individual genotypes obtained using six 1294 
microsatellite loci. Three clusters are visible based on the tight grouping of the individuals of the same population as 1295 
represented by their colour. The yellow cluster is made up of the individuals belonging to the OKNR, whilst the blue is 1296 





Figure 3.4: Factorial correspondence analysis showing scatter plots of the individual genotypes obtained using 6 1299 
microsatellite loci. Each colour represents the individuals of each of the 11 sampling sites within the OKNR.  No clear 1300 
clustering is visible among the 11 sites. 1301 
 1302 
 1303 
Figure 3.5: Factorial correspondence analysis showing scatter plots of the individual genotypes obtained using 6 1304 
microsatellite loci. Each colour represents the individuals of each of the 11 sampling sites within the OKNR.  No clear 1305 





For both instances (OKNR vs. RIET vs. BOS and 11 sites of OKNR) the Bayesian clustering 1308 
analysis implemented in STRUCTURE in conjunction with the method of Evanno et al., 2005 1309 
(∆K statistic) implemented in Structure Harvester, identified the most likely number of 1310 
populations as K=2 (Figure 3.6 A and B). (Figure 3.6 C and D) represent the proportional 1311 
assignment of each individual to the proposed clusters, whilst grouped to its sampling 1312 
population. Both structure plots depict no clear structuring between the various populations, 1313 
thereby supporting the AMOVA in claiming very little to no differentiation of the populations. 1314 
The ∆K statistics do, however also support the pairwise FST’s in identifying the number of 1315 
clusters as 2 in each case, OKNR and Riet differentiated and Site 11 being different from some 1316 
of the other sites.  1317 
 1318 
 1319 
Figure 3.6 A) ∆K as a function of K following Evanno et al., 2005 for OKNR vs Riet vs Bos. B) ∆K as a function of K following 1320 






3.4.4 Microsatellite Data Analysis: Effective population size, Ne and population bottlenecks: 1324 
 1325 
Effective population size (Ne) estimates using the Linkage Disequilibrium method indicated 1326 
very low effective population sizes for the lower 95% confidence interval (95%CI) for Bos and 1327 
Riet, whilst that of the OKNR was distinctly higher (Table 3.7). The point estimates using the 1328 
Linkage Disequilibrium method for all three sampling regions were infinite. The 1329 
heterozygosity excess method yielded no results of importance. 1330 
 1331 
Table 3.7 Ne estimates for OKNR, Riet and Bos as calculated by the linkage disequilibrium and heterozygosity excess 1332 
methods 1333 
Population 
Methods and Estimates [95% CI] 
Linkage Disequilibrium Heterozygosity excess 
OKNR ∞ [464.9 - ∞] ∞[∞ -∞] 
Riet ∞ [118.4 - ∞]  ∞[∞ - ∞] 
Bos ∞ [14.6 - ∞] ∞ [38.5 - ∞] 
 1334 
The infinite allele model (IAM) shows significant heterozygosity excess (P ≤ 0.05) for the OKNR 1335 
and Riet populations, indicating a possible recent bottleneck in each of these populations. 1336 
This is however not supported by the SMM and TPM models (P > 0.05). The Bos population 1337 
showed no indication of a recent bottleneck event for any of the models tested. Overall, the 1338 
alleles showed a normal, L-shaped distribution across all populations indicating the lack of 1339 





Table 3.8 Bottleneck analysis of the 3 populations OKNR, Riet and Bos 1342 
Population Model Mode Shift 
IAM TPM SMM 
H exc H def H exc H def H exc H def 
OKNR 0.02344 0.98438 0.57813 0.50000 0.97656 0.03906 normal 
Riet 0.01563 0.99219 0.07813 0.94531 0.94531 0.07813 normal 
Bos 0.50000 0.57813 0.92188 0.21875 0.94531 0.07813 normal 
The Wilcoxin signed rank test was used to test for heterozygosity excess or deficiency under the infinite alleles model 1343 
(IAM), two-phase model (TPM) and the stepwise mutation model (SMM) P-values are indicated under each mutation 1344 
model type with significance at P ≤ 0.05. Parameters for TPM were: variance = 30; proportion of SMM = 70%. Estimates 1345 
were based on 10 000 replications. 1346 
 1347 
3.4.5 Microsatellite Data Analysis: Relatedness, r, per population: 1348 
 1349 
Mean relatedness r, were non-significant for all three populations as they fall within the 95% 1350 
CI.  1351 
 1352 
 1353 
Figure 3.7 Estimates of mean relatedness per study population 1354 
 1355 
3.4.6 Molecular diversity estimates and population structuring (Mitochondrial DNA): 1356 
 1357 
A 736bp fragment of the mitochondrial control region (D-Loop) was successfully amplified 1358 



























from the Bos population failed to yield successful amplification. Analysis revealed 10 distinct 1360 
haplotypes (Figure 3.8), comprising of three major haplotypes (Hap 1; Hap 3 and Hap 4) and 1361 
an array of lower frequency variants stemming from each. The three major haplotypes are 1362 
prevalent among the various sampling population although notably haplotype 1 (Hap 1) was 1363 
absent from the OKNR population. The lower frequency variants seemed to be unique 1364 
haplotypes, each to a specific population (Hap 2; Hap 5; Hap 7-10).  1365 
 1366 
 1367 
Figure 3.8 Median-joining network of L. seeberi mtDNA D-loop haplotypes. Haplotypes are separated by the blue branch 1368 
lengths, with the basic branch indicating a single mutation and a branch with a notch in the middle indicating 2 mutational 1369 
steps. The size of the circles are proportional to the frequency of the haplotypes. See the legend for sample numbers. 1370 
 1371 
Of the 10 haplotypes illustrated in (Figure 3.8), Bos shares 5 haplotypes with two of these 1372 
haplotypes unique to this region, Riet shares 6 of the haplotypes (2 unique haplotypes) and 1373 
OKNR shares 5 haplotypes (2 unique haplotypes). Over all the populations, the haplotype 1374 
diversity (h) and nucleotide diversity (π) ranged from 0,782 (OKNR) to 0,821 (Riet) and 1375 
0,00232 (Bos) to 0,00300 (OKNR) respectively (Table 3.9), indicating that genetic diversity 1376 





Table 3.9 Summary of population diversity statistics for Labeo seeberi over all mtDNA D-loop haplotypes from each 1379 
sampling location. n, number of samples; Nh, number of haplotypes (unique haplotypes); h, haplotype diversity; π, 1380 
nucleotide diversity. 1381 
Population n Nh h π 
OKNR 13 5(2) 0.782 0.003 
Riet 13 6(2) 0.821 0.003 
Bos 11 5(2) 0.818 0.002 
 1382 
Table 3.10 Analysis of Molecular Variance of Labeo seeberi across its three populations namely Bos vs. OKNR vs. Riet. 1383 
Source of variation Sum of squares Variance components % of Variation 
Among populations 3.155 0.047 4.55 
Within populations 285.124 0.994 95.45 
Total 33.809 2.105  
Φ ST: 0.045 P: 0.152   
*Statistical significance at the 5% nominal level (P ≤ 0.05) 1384 
 1385 
Analysis of Molecular Variance (AMOVA) results indicated no significant genetic divergences 1386 
between the three populations (ΦST = 0.045, P = 0.152) making up for merely 4.55% of the 1387 
total variance (Table 3.10). The largest component of variance was the diversity of haplotypes 1388 
within each population contributing to 94.45% of the total variance (Table 3.10). 1389 
 1390 
Table 3.11 Pairwise ΦST values describing the extent of genetic differentiation between 3 regions within the Olifants-1391 
Doring River system (Bos Riet and OKNR) 1392 
 OKNR Riet Bos 
Riet 0.022 0.000  
Bos 0.026 0.094 0.000 
* Statistical significance at the 5% nominal level (P ≤ 0.05) 1393 
 1394 
Pairwise ΦST analyses revealed no sinificant genetic differentiation between the populations 1395 
(Table 3.11). Of note, however, is the comparison between Bos and Riet as the differentiation 1396 




3.5 Discussion: 1398 
 1399 
Genetic diversity as represented by number of alleles (AN), allelic richness (AR) and 1400 
heterozygosity levels (Addendumm E) (Figure 3.2) are moderate to low as has previously been 1401 
reported by Sahoo et al., 2014 and Singh et al., 2012 in their studies done on Labeo rohita and 1402 
Labeo calbasu respectively. OKNR has the highest mean number of alleles, but very few 1403 
private alleles (APR). This could indicate the gene flow from OKNR to Riet and Bos as it shared 1404 
most of what would be its private alleles. The unique alleles at that are maintained in the 1405 
OKNR could be low frequency alleles that have a low probability of being passed on 1406 
downstream. This could make sense as OKNR is the largest and most well kept (pristine) of 1407 
the three populations, thereby potentially maintaining much of its historical genetic diversity 1408 
and thus having the most number of alleles (AN) by maintaining low frequency alleles. It also 1409 
serves as the main breeding grounds for the rest of the river system thereby sharing a lot of 1410 
its genetic makeup (high frequency alleles) with populations downstream (Riet and Bos). This 1411 
is further substantiated by the mean AR for all three sampling regions being so comparable. 1412 
This is as result of a subset of high frequency alleles being shared and maintained among all 1413 
three sampling regions. This is also represented in the large amount of overlap between the 1414 
Bos Riet and OKNR in the FCA-Plot (Fig Riet and Bos (the two smaller sampling regions 1415 
believed to be fed solely from OKNR (Paxton et al., 2012), however have their own APR  1416 
indicating that gene flow does occur from OKNR to Riet and Bos respectively, but not from 1417 
Bos or Riet to OKNR. This again makes logical sense as OKNR is separated from the rest of the 1418 
river system by a waterfall as is mentioned in Lubbe et al., 2015. The mitochondrial data also 1419 
supports this movement of fish from OKNR to Riet and Bos, but not from either Bos or Riet to 1420 
OKNR. This is most notable with Hap1 being well represented in Riet and Bos but completely 1421 
absent in OKNR (Figure 3.8). The presence of private alleles (Figure 3.2) and private 1422 
haplotypes (Figure 3.8) of Bos and Riet indicates that the OKNR may not be the sole 1423 
contributor of Labeo seeberi in the river system and leads to reason that there is at least a 1424 
second breeding ground for these fish. This is supported by a spawning event in the Biedouw 1425 
River, but the survival of these fish could not be determined and therefore deemed an 1426 
insignificant contribution (Lubbe et al., 2015). The ∆K statistic for determining the most likely 1427 




being propagated (Figure 3.6). This is echoed in the results of the FCA-plot (Figure 3.3) and 1429 
the FST values in (Table 3.3). The unequal genetic contribution of the OKNR population to 1430 
genetic makeup of the system though largely overshadows that of the second ancestral 1431 
population and therefore the large amount of genetic overlap between the sampling regions 1432 
OKNR, Bos and Riet (Figure 3.2; Figure 3.3; Figure 3.6C and Table 3.5). 1433 
The mean heterozygosity for each of the sampling regions were relatively high in conjunction 1434 
with low values for the Fixation index (FIS) indicating no heterozygote loss and maintaining 1435 
the genetic diversity available. There was also no indication of significant levels of relatedness 1436 
(r) in any of the three populations. It would seem as although OKNR, Riet and Bos have 1437 
moderate to low diversity, they are effective at maintaining that diversity and therefore 1438 
healthy populations that are not inbred at this point in time. Although the effective 1439 
population size is of concern, at least there is no indication of a recent bottleneck event 1440 
indicating that although genetic diversity is moderate to low, at least it is being maintained. 1441 
The low effective population size remains of concern though as critical minimum (>1000) is 1442 
considered to be necessary to maintain genetic diversity and avoid the increase in frequency 1443 
of deleterious alleles by inbreeding (Frankham et al., 2003; Palstra and Ruzzante, 2008; 1444 
Waples and Do, 2010). Of more concern is Bos having Ne-estimates smaller than 50, which is 1445 
deemed to be the point at which populations are at risk of inbreeding depression (Franklin, 1446 
1980). It is worth noting that the point estimates of each of the estimates are indicated as 1447 
infinite, and is a result of the microsatellite markers and small population size not granting 1448 
enough statistical power to accurately make predictions (Waples, 1989). 1449 
Results for the 11 sites of the OKNR indicate that there is no real significant sub structuring of 1450 
the Sampling region OKNR as a whole and therefore can be seen as a single sampling region 1451 
and managed accordingly. 1452 
 1453 
3.6 Conclusion: 1454 
 1455 
The presented data indicates that OKNR (the main breeding ground for Labeo seeberi) has no 1456 
sub-structuring along its length and can be managed as a single unit. It also determines that 1457 




to OKNR. This is as result of an instream barrier in the form of a waterfall at the lower border 1459 
of OKNR. There is also evidence for breeding grounds other than OKNR, which means that 1460 
conservation efforts will need to be broadened from just OKNR to other sites to ensure 1461 
genetic diversity is maintained. This study recommends that the fish of the OKNR be managed 1462 
as a separate management unit (MU) to that of Riet and Bos. Since there was no structure 1463 
between the 11 sampling sites of the OKNR, This region can be managed as a single 1464 
Management Unit (MU) and does not need to be further subdivided. As Bos and Riet 1465 
populations are impacted by migration from OKNR but do not themselves contribute 1466 
genetically to the OKNR and also contain their own unique diversity as represented by the 1467 
unique alleles we propose the populations of the Mainstream Doring River be managed as 1468 
separate MU.  As there is very little differentiation between populations and OKNR 1469 
contributing to most of the diversity, OKNR, Bos and Riet can be managed as a single 1470 
evolutionary significant unit (ESU), but with strict guidelines indicating no translocation of fish 1471 




Chapter 4: Concluding remarks and future studies: 1473 
 1474 
4.1 Overview of research findings: 1475 
 1476 
The protection of Labeo seeberi in its last remaining natural habitat is important not only for 1477 
the ecological role it fulfils, but also for the scientific knowledge to be gained and applied to 1478 
other conservation efforts. This is especially true as no current conservation efforts extend to 1479 
ensure the successful recruitment and sustainability of Labeo seeberi (Jordaan, Impson and 1480 
van der Walt, 2011; Paxton et al., 2012; Lubbe et al., 2015). 1481 
This has encouraged the drafting of a Biological Management Plan for the Clanwilliam 1482 
sandfish by Paxton et al., 2012. One of the key points of this BMP-S is to increase the biological 1483 
information on this species in order to create a successful and sustainable conservation 1484 
programme. This is especially true for genetic information regarding the species as, very few 1485 
genetic studies and no population genetic studies have been done on this species to date 1486 
(Paxton et al., 2012; Jordaan, Impson and van der Walt, 2011). In this study the objectives 1487 
were to increase the biological information by inferring life history traits from a close living 1488 
relative species by means of common ancestry (species relatedness) using the CO1 1489 
mitochondrial gene. Also, to quantify genetic diversity and population genetic structure of 1490 
Labeo seeberi in its last remaining natural distribution using the multi-locus data generated 1491 
from six microsatellite loci and the mitochondrial control region (D-loop). 1492 
Effective management strategies have evolved significantly in the last two decades, becoming 1493 
multi-faceted comprehensive studies to delineate as many factors playing a role in the 1494 
ecology of a species as possible (Scribner et al., 2016). This includes monitoring invasive 1495 
species, water level fluctuations (seasonal changes, water abstraction or obstruction etc.), 1496 
behaviour, life history traits and population genetics. Understanding the population dynamics 1497 
and structure of a species give the researcher insight into the general genetic welfare of the 1498 
species and their risk of extinction as measure of their genetic diversity (or lack thereof) and 1499 
by extension effective population size. It also informs the researcher on distinct stocks, or 1500 
evolutionary significant units, which in turn helps the effective management of these stocks 1501 




researchers the opportunity to gain valuable insight into the population genetics and genetic 1503 
structure of the species in question (Vrijenhoek, 1998; Scribner et al., 2016). 1504 
In an effort to gain more knowledge of the life history traits of Labeo seeberi, Chapter 2 1505 
presented the closest evolutionary relative to the species. In short, all available Labeo species 1506 
on the public repositories (NCBI, EMBL etc.) were tested for evolutionary relatedness using 1507 
the CO1 and Cytb mitochondrial genes. This was done by constructing species relatedness 1508 
trees using Neighbor-Joining and Maximum Likelihood algorithms (and best fitting 1509 
substitution models). The result was an alignment of 478bp fragments comprising of 34 1510 
species for CO1 and 275 bp fragments comprising of 24 species for Cytb. The CO1 trees for 1511 
both NJ an ML displayed a distinct separation between African species and Asian species. For 1512 
Cytb the NJ and ML trees showed no distinction between African and Asian Labeo species. 1513 
Cytochrome b was thus deemed to not be a successful mtDNA region in inferring ancestry 1514 
between Labeo species. Using the results of CO1 based off this study alone (Figure 2.2 and 1515 
Figure 2.3), it is speculated that Labeo vulgaris (Nile carp) is most closely related to Labeo 1516 
seeberi and thereafter Labeo horie. Unfortunately, not much is known about Labeo horie so 1517 
no comparisons to Labeo seeberi could be made. It is important to note that the other eight 1518 
Labeo species from South Africa were omitted in this analyses as the sequences were 1519 
unavailable. This study did however speculatively support the proposed groupings of Reid, 1520 
1985 for Labeo species in Africa, namely Labeo niloticus group (LNG), Labeo forskalii group 1521 
(LFG) and Labeo coubie group (LCG) as represented in Figures 2.2 and 2.3. Following on from 1522 
this trend, it would be possible to assume that Labeo seeberi would group with the Labeo 1523 
umbratus group (LUG) as proposed by as determide in the study of Ramoejane, 2016 which 1524 
included all nine South African Labeo species. The LUG is comprised of Labeo seeberi, Labeo 1525 
umbratus, Labeo capensis and Labeo rubromaculatus. Based on morphology and distribution, 1526 
Labeo capensis was deemed the closest relative to sandfish (Ramoejane, 2016). Labeo 1527 
capensis is also similar in size to Labeo seeberi, spawns during the same time and has a very 1528 
similar habitat. Using Labeo capensis as reference we could approximate the growth rate of 1529 
Labeo seeberi to be 4-6cm per year for the first 6 years where after growth gradually slowed 1530 
down. We also could infer the time to maturity as ±4years old (Baird, 1976). Knowing the rate 1531 
of growth researchers can estimate the time which it takes for juveniles to grow beyond the 1532 




maturity also gives good insight into planning breeding programs, understanding generation 1534 
time and other analysis that are dependent on identifying distinct generations. This has 1535 
greatly helped in gaining of preliminary life history traits in this critically endangered species 1536 
without further having to sacrifice individuals for study. 1537 
In Chapter 3, six microsatellite loci and a mitochondrial marker were used to investigate 1538 
population genetic structure and historical demographics of Labeo seeberi in the Olifants-1539 
Doring River system. For the microsatellite analysis: The per population genetic diversity 1540 
summary statistics, in conjunction with the factorial correspondence analysis (FCA), Analysis 1541 
of Molecular Variance (AMOVA) and Bayesian clustering analysis indicate very shallow genetic 1542 
differentiation between the three sampling populations (OKNR, Riet and Bos). As for the 11 1543 
sampling sites within the OKNR, there was no indication of structure and the OKNR 1544 
“sanctuary” population deemed panmictic. The genetic diversity summary statistics also hint 1545 
at a bottleneck event. Testing for a bottleneck, however, indicated that it must have 1546 
happened more than 4x generations prior to the current as no contemporary bottleneck was 1547 
evident. This is supported by survey data indicating that the largest decline in population 1548 
number and distribution happened during the 1950’s, much more than four generations ago 1549 
(Paxton et al., 2012). Effective population sizes for all three sampled populations are of 1550 
concern as they could be rather low (based on the lower confidence bound estimate) and 1551 
thus under threat of extinction. Reduction in population size is often associated with a 1552 
decrease in genetic diversity. Reduced genetic diversity may result in decreased population 1553 
viability and an increased extinction likelihood (number of alleles and allelic diversity of a 1554 
population, dictate the populations adaptability to changing environments.). This is especially 1555 
true for threatened or endangered species than closely related non-threatened taxa 1556 
(Spielman et al., 2004; Markert et al., 2010; Willoughby et al., 2015).  Currently, the sampling 1557 
populations seem healthy, with no significant relatedness (r) detected and the FIS-values for 1558 
all three populations being very low (FIS < 0.1) indicating very little inbreeding in these 1559 
populations. For the mitochondrial analysis: the weak population differentiation between 1560 
OKNR, Riet and Bos was echoed by FST results. Diversity estimates and haplotype network did 1561 
however indicate a moderate level of haplotype diversity. This is good as it means more than 1562 
one maternal lineage is propagating, thereby maintaining diversity in the population. What is 1563 




that the OKNR is not the sole contributor of offspring as is implied by recent literature (Lubbe 1565 
et al., 2015), making a strong case for the conservation of populations outside of the OKNR in 1566 
order to maintain as much diversity as possible. Labeo seeberi, although few in number and 1567 
sporadic in distribution, at least for the time being are healthy with whatever small rate of 1568 
migration maintaining diversity and keeping population differentiation to a minimum. 1569 
 1570 
4.2 Biological significance of research findings: 1571 
 1572 
4.2.1 Evolutionary relatedness: 1573 
 1574 
A common problem for working on scarce endangered species with limited distribution is the 1575 
lack of scientific information about them. This is a significant hurdle in planning multifaceted 1576 
conservation programmes as many of the parameters are unknown, thereby effecting the 1577 
efficacy of such a programme (Paxton et al., 2012; Lubbe et al., 2015; Scribner et al., 2016). 1578 
One such facet of importance is the life history traits of the species, such as preferred habitat, 1579 
feeding, growth rate, time to maturity and behaviour. The lack of research done on 1580 
Clanwilliam sandfish is very apparent and therefore shares many of the shortcomings listed 1581 
above. This study provides some speculative preliminary insight into the closest evolutionary 1582 
relatives (that were available to this study) to sandfish using mitochondrial genes. This 1583 
allowed us to preliminarily identify the closest relative of Labeo seeberi to be Labeo vulgaris 1584 
(Figure 2.2 and 2.3), based off our own data (Excluding the other eight Labeo species in South 1585 
Africa as in Ramoejane, 2016). Labeo vulgaris inhabits the freshwater rivers of north-eastern 1586 
Africa (Egypt, Ethiopia and Sudan).  Labeo vulgaris is benthic feeding species just like Labeo 1587 
seeberi and spawns in the fast flowing waters of tributaries During May to June (Spring in the 1588 
Northern Hemisphere). Sexual maturity for L. vulgaris is reached around two years old 1589 
(220mm-260mm TL) and grow to ±470mm maximum length (Azeroual et al., 2010). Labeo 1590 
vulgaris closely resembles Labeo horie based on morphology. Furthermore, Labeo 1591 
senegalensis and labeo horie pair very close together, confirming Yang et al., 2012 in that they 1592 
are sister species. The grouping of Labeo horie,  Labeo senegalensis,  Labeo altivelis and Labeo 1593 




of fish species on Figure 2.2 and 2.3 also represent the Labeo forskalii group LFG and Labeo 1595 
coubie group (LCG). Extrapolating from the findings of Ramoejane 2016 (based of the work of 1596 
Lowenstein et al., 2011 and Yang et al., 2012) Labeo seeberi belongs to the Labeo umbratus 1597 
group (LUG). We can now speculatively infer Labeo capensis as the closest living relative to 1598 
Labeo seeberi, not only geographically, but also genetically and they share similar habitats 1599 
(Ramoejane, 2016). Using this information and other anecdotal evidence and observations, 1600 
Labeo seeberi is rheophilic, adapted to fast flowing waters or tributaries of large river systems. 1601 
Migrate from feeding to spawning grounds during September – November (Spring in the 1602 
southern Hemisphere) and are benthic feeders. Further inferring biological traits from Labeo 1603 
capensis we speculate L. seeberi to reach sexual maturity around 4 years old (250mm TL) and 1604 
has an approximate growth rate is 40-60mm per year up to year six where after it decreases 1605 
in rate steadily. Labeo seeberi reaches a maximum size of 650mm (Baird, 1976 ; Paxton et al., 1606 
2012; Lubbe et al., 2015).  Using this preliminary speculative information, authorities can plan 1607 
more accurate initial conservation programmes until further studies provide definitive 1608 
results. 1609 
 1610 
4.2.2 Population Genetics of Clanwilliam sandfish: 1611 
 1612 
The cumulative threats posed by the Olifants-Doring River system in its current state have 1613 
seen a decline in both number and distribution in almost all of the endemic fish species of the 1614 
region (Jordaan, Impson and van der Walt, 2011). These threats include the variable water 1615 
levels throughout the year reducing vast water-bodies to become mere streams or completely 1616 
dried-up (as result of the arid nature of the area during summer months, water abstraction 1617 
by farmers and water infrastructure such as dams), predatory invasive fish species and the 1618 
destruction of riparian zones. This causes the endemic populations to be severely fragmented, 1619 
thereby reducing the population sizes and potentially serving as barrier to gene flow (Jordaan, 1620 
Impson and van der Walt, 2011; Paxton et al., 2012; Lubbe et al., 2015). Small isolated 1621 
populations are in turn more vulnerable to genetic drift or inbreeding (Wright, 1931; Palstra, 1622 
2008; Hare et al., 2011). If unchecked, these could reduce genetic diversity and therefore 1623 
adaptive potential as well as decrease fitness (Willi, 2006; Hare et al., 2011). The outcome is 1624 




more susceptible to extinction over time (Lynch and Lande, 1998; Charlesworth and Willis, 1626 
2009; Frankham, 2005). This study provides some insight into the population genetics of these 1627 
disjunct populations of the Clanwilliam sandfish. The assessment revealed that the effective 1628 
population sizes (Ne) of the various sampling populations varied greatly (Table 3.7). The Bos 1629 
population is of most concern as it indicated a Ne < 50 for the lower 95% confidence interval 1630 
for both the linkage disequilibrium and heterozygosity excess methods (14.6 and 38.5) 1631 
respectively. Effective population size of <50 indicate that the population is partially isolated 1632 
and at risk of losing genetic diversity at a much increased rate as compared to a panmictic 1633 
population (Lacey and Lindenmayer, 1995). For the Riet population 50 < Ne > 500 therefore 1634 
less critical than the Bos population, but still at risk of losing genetic diversity (adaptive 1635 
potential) in the long run. It is worth noting that Riet is on the lower end of 500 (Ne = 118) and 1636 
therefore still at some risk of rapid loss of genetic diversity. Effective population size < 500 1637 
are at risk of losing genetic diversity in the long term as compared to panmictic population 1638 
(Lande, 1995; Lacey, 1997). It appeared that some moderate level of gene flow maintained 1639 
the genetic diversity and counteracted the effects of inbreeding as the relatedness (r) of 1640 
individuals within each population was deemed to be non-significant (Figure 3.7) as well as 1641 
very low FIS- values (< 0.1) (Figure 3.2). This was further supported by the genetic structure 1642 
between populations being very shallow as represented in the pairwise FST-values (Table 3.3) 1643 
and FCA-plot (Figure 3.3). This is echoed by a study done by Palstra and Ruzzante 2008 in 1644 
which they found a decrease in effective population size to cause an increase in risk of 1645 
extinction, especially if these small populations are genetically isolated. The counterpoint, 1646 
however was that if gene flow by migration was present, its effects will increase as the 1647 
population size got smaller. Thus, only a few individuals need to migrate to these semi isolated 1648 
populations to maintain genetic diversity and thereby fitness (Ellstrand and Elam, 1993; 1649 
Vrijenhoek, 1998).  The populations although fractured thus seem to be “genetically” healthy 1650 
and non-distinct. In the context of the Olifants-Doring River System this makes sense as the 1651 
OKNR is the largest and healthiest population (species sanctuary) that feeds both Bos and Riet 1652 
populations, thereby maintaining genetic diversity. The threat of extinction though still 1653 
remains as many of the alleles maintaining diversity are in low frequency and thus subject to 1654 
loss by genetic drift if gene flow were to stop (Vrijenhoek, 1998; Hare et al., 2011). The 1655 
populations remain small and vulnerable to disease, inbreeding or extinction by natural 1656 




last thing to note was the private alleles (Figure 3.2) and haplotypes (Figure 3.8) of 1658 
populations outside of the OKNR indicating that the OKNR is not the sole contributor of 1659 
offspring (successful recruitment) in the Olifants-Doring River system and thus warrants the 1660 
extension of conservation to populations outside the OKNR in order to maintain diversity. 1661 
 1662 
4.2.3 Conservation implications: 1663 
 1664 
Labeo seeberi plays an integral role in controlling algae levels and cycling nutrients in the 1665 
native rivers in which they occur, keeping the river and ecosystem healthy for the other 1666 
species who share it with Labeo seeberi (Paxton et al., 2012; Ramoejane, 2016). The drastic 1667 
decline of sandfish in its natural habitat over the last 50 years and the continuation of this 1668 
trend has called for conservation action in order to protect and maintain this species (Paxton 1669 
et al., 2012; Lubbe et al., 2015). In Chapter 3 this study found the populations to be genetically 1670 
healthy, the population distribution is fractured, with effective population sizes of the Riet 1671 
and Bos populations remaining low significantly less than 500 and therefore under threat for 1672 
not being able to reliably sustain these populations for many generations to come (Lande, 1673 
1995; Lacey, 1997; Frankham et al., 2003; Palstra and Ruzzante, 2008). Riet and Bos 1674 
populations are being kept healthy by migration and gene flow from OKNR to either of these 1675 
populations, maintaining genetic diversity, including the unique alleles present in Riet and 1676 
Bos. It is thus critical that the movement of fish from OKNR to the rest of the river system is 1677 
not cut-off (Vrijenhoek, 1998; Palstra and Ruzzante, 2008). Migration from Riet and Bos to 1678 
OKNR is, however not possible as highlighted in Chapter 1 by the waterfall that makes up the 1679 
southern border of the OKNR and serves as barrier against the rest of the River System making 1680 
it ideal as a sanctuary (Paxton et al., 2012; Lubbe et al., 2015). This study also found a great 1681 
deal of native diversity outside of the OKNR, thereby warranting the protection of populations 1682 
outside of the OKNR to maintain the genetic diversity. As written by Coates et al., 2018, the 1683 
goal of a successful conservation programme should be to maintain the dynamic processes, 1684 
such as natural selection, gene flow and genetic drift that shaped the diversity within and 1685 
between populations. This innate diversity may affect a species ability to react to changing 1686 
environments, disease etc. It is therefore vital for conservation efforts to extend beyond the 1687 




population size, reduce the impact of predation and re-establish recruitment sites and gene 1689 
flow. Successful recruitment of juveniles, lessening the impact of predation and the possible 1690 
re-establishment of recruitment sites by understanding the life history and biology of Labeo 1691 
seeberi was explored in Chapter 2. This was done by inferring these traits from speculated 1692 
closely related relatives. Knowing the time to maturity gives conservationist and or breeders 1693 
a clear indication of generation time and the lead time required for a restocking project as it 1694 
will take at minimum four years (Baird, 1976; Paxton et al., 2012; Lubbe et al., 2015). Growth 1695 
rate is also important to gauge when a fish will be beyond the prey size class (>250mm) and 1696 
is ready to be re-introduced to the wild or translocated (Baird, 1976). 1697 
Based on the results of Chapter 2 and 3 it is evident that conservation initiatives need to be 1698 
put in place in order to secure future generations of Labeo seeberi. One of the principle 1699 
components of a conservation effort is the establishment of a breeding programme in order 1700 
to secure juvenile recruitment (Paxton et al., 2012). Two options are available, each with pros 1701 
and cons. The first is captive breeding programmes. This entails breeding fish in captivity, in 1702 
an artificial environment where most of the variables can be controlled. Pros to this method 1703 
include a constant food supply, no invariability of environmental conditions, fish can be 1704 
treated for diseases and the fish are easier to identify and work on. There is also no threat of 1705 
predation. Captive breeding thus has a much higher recruitment of juveniles during spawning 1706 
than other methods (if the fish respond to spawning signals). Cons are the limited broodstock 1707 
used to start the breeding programme as studies show that small founding populations 1708 
quickly lose most of their rare alleles (Allendorf, 1986; Leberg, 1991). This could be as result 1709 
of unequal broodstock contributions, skewing the allele frequencies in the following 1710 
generations. Careful genetic management is thus required in establishing the broodstock 1711 
population to avoid genetic bottlenecks (Lacey, 1989; Vrijenhoek, 1998). Another way to 1712 
combat the loss of genetic diversity in a captive breeding programme is to periodically 1713 
introduce genes from wild stock (Vrijenhoek, 1998). Further cons are that captive bred fish 1714 
are not acclimated to the environmental changes when introduced to the wild and can 1715 
succumb to the natural stresses such as disease and predators, thereby negating the purpose 1716 
of the programme. To combat this, captive bred fish can be put through an acclimatisation 1717 
period to get use to the wild in a safe environment before being introduced fully. The second 1718 




habitat, to promote successful recruitment of juveniles. Pros are that the fish are acclimated 1720 
to the environment, predators, and possible diseases. The fish also respond to natural 1721 
spawning signals and don’t run the risk of not spawning in captivity. Another advantage is that 1722 
these protected areas can be population specific, thereby maintaining diverged populations 1723 
and their adaptations as opposed to having an off-site breeding facility that distributes fish to 1724 
all the sites thereby homogenising the different populations (Vrijenhoek, 1998). 1725 
Disadvantages are that environmental variables are not controllable, fish are subject to 1726 
disease and predation and the overall recruitment of juveniles is lower. Currently the BMP-S 1727 
for Clanwilliam sandfish makes use of a natural breeding system where the OKNR serves as 1728 
the protected area for recruitment of juveniles (Paxton et al., 2012; Lubbe et al., 2015). 1729 
However, this does not secure the rare alleles and haplotypes of the Riet and Bos populations. 1730 
Creating protected zones at either Riet or Bos will retain these haplotypes and offer a chance 1731 
to extend the distribution range of Labeo seeberi throughout the Olifants-Doring River 1732 
system. Protected zones also offer the chance to eradicate alien vegetation and fish species, 1733 
reclaiming habitat for the native species (Weyl, 2014).  1734 
In conclusion, the Oorlogskloof Nature Reserve should be managed as a separate 1735 
Management Unit (MU) to that of the populations downstream of the waterfall i.e. Bos and 1736 
Riet. This is based on the fact that OKNR is isolated from gene flow to OKNR from the rest of 1737 
the river system as result of the waterfall at its southern border,  and is therefore functionally 1738 
independent (Moritz, 1994; Palsboll et al., 2007). Gene flow from OKNR to Rietkuil and Bos 1739 
must however be maintained but no translocation of fish should take place from Riet and Bos 1740 
to OKNR.  Bos and Riet then form the second MU with OKNR, Bos and Riet combined making 1741 
a single Evolutionary Significant Unit (ESU) as OKNR contributes the majority of the genetic 1742 
make-up of the species and, therefore the majority of the evolutionary heritage (Palsboll et 1743 
al., 2006). Should the Bos-Riet MU manage to retain its rare alleles and haplotypes and 1744 




4.3 Limitations and Future Perspectives. 1746 
 1747 
The following limitations were present in this study. Sampling bias was a major limitation as 1748 
all sampling locations did not have equal number of representatives. This is as result of the 1749 
difference in abundance of fish in the different regions and the haphazard nature of the 1750 
fishing exercise. This led the sample size to be heavily weighted toward the sandfish 1751 
sanctuary, OKNR as it is home to the largest population of sandfish (Paxton et al., 2012; Lubbe 1752 
et al., 2015). The sampling bias thus follows the curve of relative abundance. Future studies 1753 
could definitely benefit by increasing the number of individuals sampled from these regions. 1754 
Another limitation was the number of sampling sites/populations included in this study. The 1755 
presented sampling sites do not represent the entire distribution of sandfish. Future studies 1756 
could benefit from sampling more tributaries and getting a more comprehensive insight into 1757 
the population genetics of sandfish across its entire distribution. This could be done by 1758 
sampling during spawning season (September to November) while adult fish are migrating 1759 
and then aggregating in tributaries in larger numbers. This would also more accurately display 1760 
the individuals contributing to the gene pool of the next generation for each specific 1761 
population. Increasing sample size per population would also yield greater statistical power 1762 
to more accurately determine population genetic parameters and put researchers instead to 1763 
look at certain historical demographic events in more detail (on a finer scale)(Puechmaille, 1764 
2016). The study to find the most recent common ancestor/most closely related species was 1765 
also flawed in that none of the other eight Labeo species in South Africa were included as they 1766 
are geographically the closest and expectedly genetically the closest. Future prospective 1767 
would be to include these eight other species so to have a more complete representation of 1768 
the Labeo species (Yang et al., 2012; Ramoejane, 2016). Another limitation was the 1769 
mitochondrial gene used for the evolutionary relatedness study. Ideally, a minimum of four 1770 
markers should be used for conducting such studies, as by increasing the number of genes, 1771 
the more accurate the evolutionary history of the species becomes (Yang et al., 2012; 1772 
Ramoejane, 2016). This then ties in with the future prospective of either using four genes to 1773 
repeat this analysis or even better, sequence the entire mitochondrial genome (Note: This is 1774 
subject to specimen availability or availability of complete mitochondrial sequences for Labeo 1775 




number of microsatellite markers used in this study and the limited informativeness of these 1777 
markers. Ideally a population genetic study would at minimum strive to have 10 informative 1778 
microsatellite markers with the option of adding more markers if so permitted or able. This is 1779 
because the statistical power of each of the analysis increase by the number of informative 1780 
markers added (Landguth et al., 2012). Future studies could benefit from a genotyping by 1781 
synthesis approach, which would result in a genome wide genotype of each individual 1782 
incorporating the information of hundreds of microsatellite markers per individual across all 1783 
individuals. The result is increase in statistical confidence and it also minimizes the 1784 
microsatellite marker bias itself as these markers are across the entire genome. Alternatively, 1785 
this technique could be applied to a single individual, the microsatellites identified, the best 1786 
performing ones selected and that these microsatellite markers be used for downstream 1787 
analysis (Robeldo, 2018). The upside of this is that the markers are species specific and that 1788 
there are many markers to choose from. This makes it ideal as the researcher can pic markers 1789 
that are very informative, amplify consistently and are easy to score. A future prospective 1790 
would also be to have samples of discrete generations as to not bias estimates of relatedness 1791 
and effective population size. 1792 
 1793 
4.4 Conclusion: 1794 
 1795 
Although Labeo seeberi numbers and distribution have declined, the populations that do 1796 
persist seem to be stable with very little inbreeding and relatedness. This is maintained by 1797 
migration and gene flow from the OKNR to the Riet and Bos populations, counteracting the 1798 
effects of genetic drift. Riet and Bos do, however have unique haplotypes and alleles thereby 1799 
warranting a Riet-Bos MU and an OKNR MU. This study also managed to infer much needed 1800 
biological history of Labeo seeberi such as growth rate and time to maturity. It also identified 1801 
close living relatives that could be used as reference for designing management plans or 1802 
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Table: CO1 Accesions downloaded for Genus Labeo tree construction 
COI accessions 
Species Accession  
Labeo altivelis CTOL3912 
Labeo weeksii  CTOL00405 
Labeo horie CTOL3960 
Labeo senegalensis BNF 171 
Labeo barbatus t-062-6196 
Labeo batesii t-067-6671 
Labeo lineatus t-075-7407 
Labeo seeberi This study 
Labeo vulgaris CTOL3966 
Labeo forskalii CTOL3959 
Labeo nasus t-071-7005 
Labeo simpsoni t-074-7372 
Labeo annectens t-062-6119 
Labeo parvus CTOL3957 
Labeo lukulae CTOL00402 
Labeo quadribarbis t-064-6380 
Labeo coubie BNF 159 
Labeo longipinnis CTOL3952 
Labeo bata NF731 
Labeo boga NF240 
Labeo boggut NF636 
Labeo dyocheilus NF251 
Labeo pierrei N/A 
Labeo yunnanensis CTOL3956 
Labeo calbasu NF239 
Labeo chrysophekadion N/A 
Labeo barbatulus N/A 
Labeo fimbriatus LF-1019 
Labeo rohita PR009205 
Labeo stolizkae N3 
Labeo caeruleus NF692 
Labeo gonius WL-F82 
Labeo dussumieri LD-1 







Table: Cytb Accesions downloaded for Genus Labeo tree construction 
Cytb accessions 
Species Accession  
Labeo altivelis CTOL3912 
Labeo barbatulus N/A 
Labeo bata CTOL01920 
Labeo boggut NBFGRLBG-149 
Labeo calbasu NBFGRLK-1083 
Labeo chrysophekadion N/A 
Labeo coubie CTOL3163 
Labeo dussumieri NBFGRLD-4 
Labeo dyocheilus CTOL01922 
Labeo fimbriatus LF531 
Labeo forskalii T10 
Labeo gonius NBFGRLG-221 
Labeo  horie CTOL3960 
Labeo longipinnis CTOL3952 
Labeo lukulae N/A 
Labeo parvus CTOL3957 
Labeo pierrei N/A 
Labeo rohita LR.NAB.2239 
Labeo sorex AMNH233629 
Labeo stolizkae KIZCXY20060059 
Labeo vulgaris CTOL3966 
Labeo weeksii N/A 








Figure: CO1 Labeo gene tree. Maximum-likelihood phylogram showing branch bootstrap support above the 70% (log-
likelihood score of best tree: 24137.464790). Outgroup taxa omitted. Circle, Asian Labeo; “a” and “b”, the two main clades 
discussed in the text. Specimen codes ending in “K” denote individuals caught in the vicinity of Kisangani (Upper Congo); 
“L” collected from the Lualua, a large southern tributary of the Congo River; and “C” describes specimens collected from 







Table: List of primers used for microsatellite analysis including each primers nucleotide sequence, accession number, 
expected and observed heterozygosity, repeat type and reference 
Locus 
Name 






He Ho reference 
Lr-36 F: 5’-AGC GTG TCT GAT 
GTG TGA AAG G-3’ 
R: 5’-TCA GAT GCC TCC TGC 
ATT CTG-3’ 
AM269526 (CA)10 3 0.642 0.833 S. SWAIN1, S. P. 
DAS1, Evaluation 
of genetic 





primers Indian J. 
Fish., 60(1) : 29-
35, 2013 
Lro-26 F: AGA TCA TTG CTG GGG 
AGT GTT TAT 
R: GAC CTG CCT GTG CCA 
TCT GTA 
AM184144 (GT)29 3 0.649 0.520 
Lr-30 F: ACG CGC TAG GGT CGT 
ACA GTG 
R: CAG CAT CAT GTT AAG 
CGC TGTC 
AM231179 (AC)15 3 0.631 0.846 
Lr-28 F: TTC ACG GAC AGA TTT 
GAC CCA G 
R: AGT CTT TTC AGG AGA 
TTA GCA G 










Lr-29 F: ACG TAA AGG TCA CAA 
GCT GAA G 
R: AGC ACG GTG TTT GTG 
TGC GAG 
AM231178 (AC)10 5 0.820 0.722 
Lr-46 F: TGA CGT ATT GTC AAC 
TAT GGT G 
R: TCC ACC TTC AAT ACC 
ATG ACT G 
AM269536 (CA)18 4 0.757 0.764 
LF-4 F: GGC CAG TGT GAC ACA 
AAC A 
R: GTC CCG GAG TCT AAA 
GAC GAA C 
JQ838159 (CT)12 9 0.743 0.607 S. Swain • S. P. 










LF-8 F: GTG AAG CAA CGA CTT 
CAG AGA G 
R: CCA GAA GAC CAT AGC 
AAC CAC 
JQ838163 (GT)6 5 0.765 0.833 
LF-15 F: ACA CTC ACA CTC GCT 
CAC TCA C 
R: CGG TGA ATG CTG ATG 
AAC TG 
JQ838170 (TC)10 6 0.803 0.806 
LF-16 F: AAC GTC ACA CAT GCT 
CCT AGT C 
R: CTG CCC ATG ACA CTG 
AAA CTC 






Lr-41 F TCC AGT CAC CAC ATG 
CGT TTG 
R GTC GAT TTC ATC GTG 
AGG CTC 
AM269531 (GT)16  0.823 0.706 A PATEL1, P 







in rohu (Labeo 
rohita) Indian 
Journal of Animal 
Sciences 81 (8): 
128–00, August 
2011 
Lr-44 F CAC CCA GGG AGT TAG 
TTT CTG 
R AAA GAG CAT CAT GGC 
ATT GAC 





Table: Genetic diversity estimates for the 6 microsatellite loci across the three populations of Labeo seeeri. 
OKNR Nind AN AR APR HWE HEnb HO FIS Frnull 
Lro_26 82 8 3,6634 0,8891 0.1039 0.5885    0.7073 -0.2034 0.0000 
Lr_36 82 7 5,2163 0,0851 0.6904 0.6998 0.6951 0.0068 0.0000 
Lr_41 82 20 10,0657 2,4573 0.0000 * 0.9001 0.5244 0.4189 0.2185 
LF_8 81 2 1,9999 0,0000 0.2157 0.4513 0.3827 0.1527 0.3849 
LF_15 81 23 11,3338 3,0594 0.0004 * 0.9235 0.8642 0.0646 0.0342 
LF_16 82 7 4,1322 0,4705 0.0818 0.6270 0.6829 -0.0899 0.0614 
Mean - 11,1667 6,0686 1,1602 0,1820 0,6984 0,6428 0,0583 0,1165 
          
Riet          
Lro_26 36 4 3,1106 0,7957 0.6341 0.5442    0.4722 0.1339 0.0298 
Lr_36 36 8 5,8255 0,7626 0.2964 0.7735 0.7500 0.0308 0.0242 
Lr_41 36 17 11,0879 2,7113 0.0000 * 0.9206 0.4722 0.4906 0.2576 
LF_8 36 2 1,9999 0,0000 0.7084 0.4507 0.5000 -0.1111 0.2887 
LF_15 36 21 11,9832 3,3651 0.3099  0.9323 0.9167 0.0170 0.0111 
LF_16 36 6 3,6662 0,1437 0.9189  0.5759 0.6389 -0.1111 0.0000 
Mean - 9,6667 6,2789 1,2964 0,4780 0,6995 0,6250 0,0750 0,1019 
          
Bos          
Lro_26 10 4 4 1,5406 0.5437 0.5737 0.7000 -0.2353 0.0000 
Lr_36 10 6 6 0,3953 0.1586 0.7211 0.7000 0.0308 0.0000 
Lr_41 10 9 9 1,7005 0.0000 * 0.8737 0.3000 0.6687 0.2926 
LF_8 10 2 2 0,0000 1.0000 0.2684 0.3000 -0.1250 0.0000 
LF_15 10 13 13 4,3653 1.0000 0.9632 1.0000 -0.0405 0.0000 
LF_16 10 5 5 0,8341 0.5062 0.6526 0.5000 0.2437 0.1033 
Mean - 6,5000 6,5000 1,4726 0,5348 0,6755 0,5833 0,0904 0,0660 
          
* = significantly different (P < 0.05) from HWE. Nind = Number of individuals; AN = Number of observed alleles; AR = Allelic 
richness; APR = Private allelic richness HWE = Hardy Weinberg Equilibrium; HEnb = Nei’s unbiased expected heterozygosity; HO 
= Observed heterozygosity; FIS = Inbreeding coefficient; 






Table: All pops FST P-values 














Table: OKNR FST P-values 
 Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9 Site 10 Site 11 
Site 2 
0.23242+-




























































































































Table: All pops фST P-values 
 OKNR Riet Bos 
Riet 0.22754 0.00000  
Bos 0.24609 0.06543 0.00000 
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